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A  fundamental  understanding  of  the  intramolecular  dynamics  of  highly  excited  molecules  is 
of  central  importance  in  molecular  physics  and  has  great  chemical  and  physical  implications: 
Selectivity  at  high  levels  of  excitation  may  eventually  lead  to  the  realization  of  laser-controlled 
photochemistry,  with  broad  applications  in  such  diverse  areas  as  laser-assisted  chemical  vapor 
deposition,  isotope  separation,  and  photosynthesis.  Equilibration  of  vibrational  energy  among  the 
molecular  modes,  which  occurs  in  molecules  that  are  excited  above  the  dissociation  threshold, 
however,  causes  the  course  and  rate  of  laser-induced  unimolecular  reactions  to  depend  only  on 
total  energy.  This  intramolecular  flow  of  vibrational  energy  seriously  impairs  the  prospect  for 
developing  a  novel  ‘mode-selective’  or  ‘bond-specific’  photochemistry,  despite  the  high  selectivity 
of  infrared  excitation. 

Whereas  the  equilibration  of  energy  for  molecules  excited  close  to  or  above  the  dissociation 
threshold  is  well  understood,  there  is  no  agreement  in  the  community  as  to  the  validity  of 
theoretical  models  that  presuppose  equipartitioning  of  energy  in  the  region  below  the  dissociation 
threshold.  Under  ARO  contract  DAAG29-85-K-0060  our  laboratory  has  obtained  direct 
information  on  the  intramolecular  vibrational  energy  distributions  of  highly  vibrationally  excited 
molecules  below  the  dissociation  threshold.  The  experiments  carried  out  under  this  contract, 
which  involve  spontaneous  Raman  spectroscopy  of  infrared  multiphoton  excited  molecules,  for 
the  first  time  clearly  show  that  the  present  theoretical  descriptions  of  infrared  multiphoton  excitation 
are  indeed  not  generally  valid. 

The  results  of  this  research  are  summarized  in  this  final  report.  For  a  more  detailed 
description  the  reader  is  referred  to  the  Appendices.  The  research  findings  were  published  in  nine 
publications  in  scientific  journals,  and  presented  at  various  international  conferences.  Two 
Harvard  graduate  students  will  earn  their  Ph.D.  degrees  on  work  performed  under  this  contract. 
This  year  also,  the  National  Science  Foundation  awarded  a  Presidential  Young  Investigator  Award 
to  the  principal  investigator  in  recognition  of  the  work  done  under  the  Army  Research  Office 
contract. 
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4.  Final  Report 
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A.  Statement  of  problems  studied 


KJ-  The  major  objective  of  the  present  contract  was  to  provide  detailed  information  on  the  molecular 

excitation  dynamics  below  the  dissociation  threshold  by  means  of  time-resolved  spontaneous 
■I  Raman  scattering.  Specifically,  the  following  questions  were  addressed: 

S' 


•  What  is  the  intramolecular  distribution  of  energy  after  infrared  multiphoton  excitation? 

•  Are  there  differences  in  the  distribution  for  different  pulse  duration? 

•  What  is  the  fluence  dependence? 

•  Is  there  a  certain  trend  with  molecular  size? 

•  Are  there  certain  molecules  for  which  the  intramolecular  distribution  is  highly  non-equilibrium? 
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B.  Summary  of  most  important  results 

Under  ARO  sponsorship  we  have  obtained  detailed  quantitative  information  on  the  intramolecular 
vibrational  energy  distributions  of  highly  vibrationally  excited  molecules  below  the  dissociation 
threshold  by  time-resolved  Raman  spectroscopy.  We  have  collected  a  large  number  of  data  on 
infrared  multiphoton  excited  molecules  ranging  in  size  from  5  to  8  atoms.  Most  of  these  molecules 
have  more  than  one  Raman  active  mode  and  thus  allow  direct  observation  of  the  intramolecular 
distribution  of  vibrational  energy  among  these  modes  after  the  infrared  multiphoton  excitation. 
Two  significant  new  observations  were  made:  (1)  the  final  distribution  of  energy — i.e.  after 
excitation,  but  before  collisional  relaxation — does  not  necessarily  correspond  to  an  equilibrium 
distribution,  and  apparently  some  form  of  localization  of  vibrational  energy  is  possible  even  at  high 
excitation,  and  (2)  direct  transfer  of  energy  to  modes  with  a  higher  energy  step  than  the  pumped 
mode  is  seen  to  occur.  If  part  of  the  energy  remains  localized  in  a  small  set  of  modes  it  may  be 
possible  to  induce  reactions  that  are  not  thermodynamically  favored.  Some  of  the  more  important 
findings  are  summarized  below. 


1 .  The  experimental  setup  was  completely  overhauled  in  the  beginning  of  the  contract  period[l]. 
By  repeating  previously  reported  measurements  on  SF6  [2],  the  reproducibility  of  the 
measurements  was  confirmed.  In  addition  we  carried  out  more  detailed  measurements  on  SF6 
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[3],  and  we  extended  our  study  to  other  molecular  systems  (see  below). 

2.  For  CF2HCI  preliminary  tests  in  the  old  apparatus  had  shown  that  Five  Raman  active  modes  of 
widely  different  energy  can  be  observed  at  densities  low  enough  to  ensure  a  collisionless 
excitation.  This  molecule,  however,  absorbs  on  the  edge  of  the  CC^-laser  bandwidth  at  the  9.4 
(im  R(32)  line.  At  the  maximum  fluence  we  could  achieve,  photoacoustic  measurements  show 
that  the  molecules  absorb  less  than  one  photon  per  molecule.  At  those  fluences  and  excitation 
levels,  no  measurable  change  in  the  Raman  spectrum  could  be  observed  [4-5]. 

3 .  For  C2H4F2  we  were  able  to  cover  the  entire  excitation  range  from  the  ground  state  up  to  the 
dissociation  limit.  At  high  fluence,  just  below  the  dissociation  threshold,  one  of  the  four 
accessible  Raman  active  modes  shows  a  very  small  change,  but  it  is  clear  that  the 
intramolecular  vibrational  energy  distribution  for  this  molecule  is  not  in  equilibrium  (like 
CF2CI2,  unlike  SF6).  Apparently  the  energy  remains  partly  localized.  This  measurement 
consituted  the  first  indication  that  a  ‘statistical  description’  of  the  ensemble  of  modes  in  infrared 
multiphoton  excited  molecules  — which  has  been  proposed  by  several  authors —  is  not  justified 
in  general  [6].  Unfortunately  the  pump  mode  (C — F  stretch;  for  the  cis-configuration  of  this 
molecule  this  is  a  highly  asymmetric  vibration)  is  not  accessible  in  our  spontaneous  Raman 
spectroscopy  apparatus. 

4.  Most  of  the  measurements  have  centered  around  the  five-atom  CF2CI2  molecule  [7-10].  This 
molecule  can  be  pumped  on  two  infrared  modes  (vs  and  vi),  and  it  has  four  Raman  active 
modes — of  which  we  have  observed  three  after  infrared  multiphoton  excitation.  In  contrast  to 
the  well  established  equilibrium  intramolecular  vibrational  energy  distribution  in  molecules 
excited  above  dissociation  threshold),  it  was  found  that  excitation  of  the  Vi  and  V8  mode  below' 
the  dissociation  threshold  give  rise  to  different,  highly  nonequilibrium  vibrational  energy 
distributions,  which  tend  toward  equilibrium  when  buffer  gas  is  added.  In  both  cases  the 
pumped  mode  reaches  the  highest  excitation,  while  the  energy  of  the  vz  mode  remains  almost 
an  order  of  magnitude  smaller.  The  measurements  thus  show  a  surprising  amount  of 
‘localization’  of  excitation  energy  up  to  levels  of  excitations  (Ejnt  >  21,000  cm-1)  quite  close  to 
the  dissociation  threshold  (£diss  =  27,000  cm-1).  The  data  also  show  an  asymmetry  in  the 
intramolecular  vibrational  energy  relaxation  between  the  various  modes. 

After  excitation  of  the  mode,  it  was  found  that  this  mode  contains  an  excess  of  energy  up  to 
at  least  10,000  cm-1  of  excitation  energy.  Although  this  is  at  variance  with  observations  made 
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in  the  Soviet  Union,  that  claim  complete  equilibration  above  about  7,000  cm-1,  it  agrees  with 
recent  theoretical  studies  of  the  intramolecular  dynamics  of  model  systems,  which  shows  that 
for  some  molecules  equilibration  occurs  only  for  energies  close  to  the  dissociation  limit. 

After  excitation  of  the  Vi  mode,  again  a  distinct  nonequilibrium  is  observed,  this  time  with  an 
excess  of  energy  in  the  Vi  mode  up  to  levels  of  excitation  as  high  as  21,000  cm-1  [10]. 

If  N2  buffer  gas  is  added,  collisional  relaxation  of  energy  takes  place,  and  a  clear  trend  toward 
equilibrium  is  observed.  The  behavior  of  the  Raman  signal  intensities  with  increasing  laser 
fluence  show  that  complete  randomization  of  vibrational  energy  does  not  occur  even  at  the 
highest  fluence  at  which  Raman  signals  were  measured. 

5 .  At  very  high  fluence  both  C2H4F2  and  CF2C7  dissociate  and  the  Raman  probe  laser  induces  a 
broadband  fluorescence  from  the  dissociation  fragments.  For  CF2CI2  we  studied  this 
fluorescence  in  detail  and  found  that  (a)  the  dissociation  fragments  carry  a  considerable  amount 
of  energy  (up  to  5000  cm-1),  and  ( b )  the  unimolecular  dissociation  rate  of  infrared  multiphoton 
excited  CF2CI2  must  be  much  smaller  than  the  excitation  rate. 

6.  During  the  present  contract  we  also  received  an  award  under  ARO-URIP  Grant  No.  DAAL03- 
86-G-70098  for  the  purchase  of  equipment  for  coherent  anti-Stokes  Raman  spectroscopy.  We 
have  meanwhile  completed  the  construction  of  a  coherent  anti-Stokes  Raman  spectrometer.  The 
new  setup  is  capable  of  performing  measurements  at  pressures  below  1000  Pa.  Preliminary 
measurements  of  the  depletion  of  the  ground  vibrational  state  of  SF6  after  infrared  multiphoton 
excitation  have  been  performed.  The  first  measurements  will  be  presented  at  the  International 
Laser  Spectroscopy  Conference  in  Shanghai,  China  this  summer. 

7 .  A  three-year  renewal  proposal  to  further  extend  the  work  started  in  the  current  contract  period 
has  been  submitted  to  the  Army  Research  Office.  In  the  proposed  research  we  plan  to  work  on 
several  fronts:  First,  the  spontaneous  Raman  experiment  will  be  replaced  by  the  above 
mentioned  coherent  anti-Stokes  Raman  spectroscopy,  which  is  more  sensitive  and  which  has  a 
higher  spectral  resolution.  During  the  transition  period  the  time-resolved  spontaneous  Raman 
work  will  be  continued.  Second,  part  of  the  proposed  effort  will  be  directed  toward 
developing  new  sources  for  picosecond  infrared  pulses,  viz.  a  picosecond  mode-locked  CO2 
laser,  and  possibly  also  a  continuously  tunable,  transversely  pumped  high  pressure  CO2  laser. 
Finally,  in  the  final  stage  of  the  proposed  research,  several  new  research  possibilities  (above 


Final  Report  DAAG29-85-K-0060 


9 


threshold  dissociation  of  diatomic  molecules;  spectroscopy  of  the  transition  region  below  the 
quasicontinuum;  determination  of  the  onset  of  energy  randomization)  will  be  explored.  These 
topics  can  then  form  the  basis  for  future  icsearch. 
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Computer-controlled  Raman  spectrometer  for  time-resolved 
measurements  in  low-pressure  gaseous  samples 
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A  spectrometer  for  measuring  spontaneous  Raman  scattering  in  gaseous  samples  at  pressures 
below  100  Pa  (0.75  Torr)  with  nanosecond  time  resolution  is  presented.  The  apparatus  was 
developed  for  studying  intramolecular  vibrational  energy  distributions  in  infrared  multiphoton 
excited  molecules  and  makes  it  possible  to  study  the  anti-Stokes  Raman  scattering  from 
isolated  molecules  at  pressures  down  to  14  Pa  ( 1 10  mTorr).  To  achieve  high  sensitivity  and 
time  resolution  simultaneously,  spectral  resolution  ( 1  nm)  is  sacrificed.  Because  of  the  low 
level  of  the  signals,  the  measurements  are  completely  computer  controlled.  A  detailed 
description  of  the  apparatus,  including  the  multichannel  data-acquisition  hardware  and 
computer  interface,  is  given. 


INTRODUCTION 

Since  the  cross  sections  for  spontaneous  Raman  transitions 
are  extremely  small,1  experiments  on  spontaneous  Raman 
scattering  are  normally  performed  at  high  pressure.  There 
are  circumstances,  however,  under  which  a  high  pressure  is 
not  desirable.  One  example  is  the  study  of  collisionless  in¬ 
frared  multiphoton  excitation.2  Since  the  aim  of  this  study  is 
to  observe  vibrational  energy  distributions  in  isolated  mole¬ 
cules,  the  observation  time  has  to  be  several  orders  of  magni¬ 
tude  smaller  than  the  average  time  between  molecular  colli¬ 
sions,  which  puts  an  upper  limit  on  the  sample  pressure.  For 
times  of  the  order  of  magnitude  of  nanoseconds  this  means  a 
pressure  below  100  Pa  (0.75  Torr),  at  least  three  orders  of 
magnitude  lower  than  usual  for  Raman  spectroscopy. 

This  paper  presents  the  details  of  an  apparatus  that  has 
allowed  measurements  of  spontaneous  Raman  scattering  on 
a  nanosecond  time  scale  at  pressures  down  to  14  Pa,  i.e., 
from  virtually  isolated  molecules.  The  apparatus  has  a  large 
collection  efficiency  and  effectively  reduces  stray  light, 
which  forms  the  major  obstacle  when  measuring  Raman 
scattering  at  low  pressures.  Because  the  signals  are  in  the 
photon  counting  regime  and  extensive  averaging  is  required, 
the  measurements  are  completely  automated. 

Apart  from  the  detection  method  presented  here,  there 
are  several  other  possibilities  for  measuring  Raman  scatter¬ 
ing  from  isolated  molecules.  For  example,  one  can  use  a  mo¬ 
lecular  beam  or  jet,5  or  one  can  resort  to  more  sensitive  spec¬ 
troscopy  techniques,  such  as  coherent  anti-Stokes  Raman 
spectroscopy.4  Both  methods,  however,  require  additional 
equipment  and  may  have  certain  disadvantages.  The  first 
method  requires  a  molecular  beam  apparatus  and  extensive 
vacuum  equipment.  Moreover,  measurements  are  carried 
out  in  a  nonequilibnum  situation.  Coherent  anti-Stokes  Ra¬ 
man  spectroscopy,  on  the  other  hand,  requires  a  much  more 
elaborate  laser  setup,  but  has  a  higher  sensitivity  and  higher 
spectral  resolution.  Moreover,  at  very  low  densities  sponta¬ 
neous  Raman  scattering  is  more  efficient  than  coherent  anti- 


Stokes  Raman  spectroscopy,  which  is  proportional  to  the 
density  squared.  For  certain  research  projects,  such  as  the 
one  discussed  here,  the  research  goal  can  be  accomplished 
with  a  careful  design  of  the  scattering  cell,  and  a  convenient 
and  flexible  multichannel  data-acquisition  system. 

The  design  of  the  scattering  cell  may  also  be  useful  in 
other  light  scattering  experiments  that  require  maximum 
collection  efficiency  and  minimum  stray  light.  A  detailed 
description  of  the  setup  is  given  below,  and  representative 
experimental  results  obtained  with  the  apparatus  are  pre¬ 
sented. 

I.  GENERAL  LAYOUT 

The  design  of  the  scattering  cell  is  based  on  the  following 
experimental  approach.  A  sample  of  low-pressure  gas  (typi¬ 
cally  100  Pa  or  lower)  is  excited  by  an  infrared  pulse  from  a 
high-power  picosecond  CO-  laser  ( 100  mJ  in  500  ps  or  less ) . 
After  a  short  controlled  time  delay  the  excited  molecules  are 
probed  by  an  ultraviolet  pulse  (30  mJ  in  18  ns)  from  a  fre¬ 
quency-doubled  ruby  laser. 

For  a  strong  Stokes  Raman  transition  at  a  sample  pres¬ 
sure  of  100  Pa,  one  can  expect  a  Raman  signal  of  about  20 
photons/sr  per  mJ  input  power  of  the  probing  pulse.  For  a 
fixed  pressure  the  signal  can  only  be  increased  by  either  in¬ 
creasing  the  collection  angle  or  the  input  power.  At  the  same 
time  one  has  to  minimize  the  effect  of  unwanted,  elastically 
scattered  light.  The  two  main  contributions  to  elastically 
scattered  light  are  Rayleigh  scattering  and  stray  light  scat¬ 
tered  from  the  windows  and  walls  of  the  cell.  Typically,  the 
Rayleigh  scattering  is  about  four  orders  of  magnitude  more 
intense  than  the  Stokes  Raman  signal.  Stray  light,  which  is 
independent  of  sample  pressure,  quickly  becomes  the  domi¬ 
nant  source  of  scattered  light  at  low  pressures.  A  scattering 
of  only  one  in  10v  photons  into  the  detection  angle  already 
results  in  1.6xlCf  photons/sr.  per  mJ  of  input  power. 
Therefore,  to  be  able  to  measure  Raman  scattering  at  low 
pressures,  one  has  to  optimize  collection  efficiency  and  mini- 
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mize  stray  light  in  the  design  of  the  scattering  cell  on  one 
hand,  and  simultaneously  maximize  the  rejection  of  unwant¬ 
ed  signal  in  the  detection. 


Eft 


A.  Scattering  cell 

The  cell,  in  which  the  exciting  and  probing  laser  beams 
cross  at  right  angles,  is  shown  in  Figs.  1  and  2.  It  consists  of  a 
cube-shaped  aluminum  body  with  two  pairs  of  arms  of  circu¬ 
lar  cross  section.  The  arms  for  the  exciting  infrared  beam  are 
0. 1 5  m  long,  the  ones  for  the  probing  ultraviolet  beam  0.3  m. 
In  order  to  minimize  stray  light  from  the  windows  the  long 
arms  have  quartz  windows  at  Brewster  angle.  In  addition, 
each  of  these  arms  contains  six  pairs  of  straight  [see  Fig. 
2  ( a ) ,  D 1  ]  and  conical  ( D2 )  baffles.  The  straight  baffles  col¬ 
limate  and  restrict  the  probe  beam,  while  the  conical  baffles 
trap  any  light  scattered  along  the  path  of  the  beam.5  The 
baffles  are  made  separately  from  the  arms  and  are  installed 
by  sliding  them  into  the  arms,  so  that  they  can  be  arranged  in 
various  configurations.  The  best  results  were  obtained  with 
apertures  increasing  from  2  mm  nearest  to  the  windows  to  4 
mm  nearest  to  the  center  of  the  cell.  In  the  center  part  of  the 
cell  a  vertical  stray-light  jacket  ( J)  of  circular  cross  section 
prevents  any  light  scattered  from  the  last  baffle  from  reach¬ 
ing  the  detection  aperture  directly.  It  has  two  6-mm  holes  for 
the  probe  beam  and  two  15-mm  holes  for  the  infrared  beam. 
Light  scattered  at  the  intersection  of  the  two  beams  is  col¬ 
lected  over  a  solid  angle  of  77/ 16  sr  and  collimated  by  a 
quartz  lens  (L)  that  serves  as  a  window.  The  focus  of  this 
lens  coincides  with  the  intersection  of  the  two  beams.  All 
parts  of  the  cell  are  vapor  blasted  and  black  anodized  to 
absorb  as  much  stray  light  as  possible.  A  gas  inlet  on  the 
bottom  plate  connects  the  cell  to  a  gas-handling  and  vacuum 
system. 


Fig.  1.  Top  view  of  the  low-pressure  Raman  cell  The  CO;-laser  beam 
(pump)  enters  through  the  short  arms,  while  the  probing  UV  beam  enters 
through  the  long  arms  Scattered  light  exits  through  a  collimating  lens  at  the 
top. 


To  simplify  the  alignment  of  the  laser  beams,  the  cell  is 
mounted  on  four  tightly  fitting  posts  ( P )  shown  in  Fig.  2  ( b ) . 
It  can  easily  be  removed  and  put  back  accurately  by  lifting  a 
black  nylon  shaft  (S)  through  which  the  collimated  scat¬ 
tered  light  reaches  the  detection.  Alignment  of  the  beams  is 
achieved  as  follows.  First,  a  He-Ne  laser  beam  is  aligned 
through  the  probe  arms.  Then  the  cell  is  removed  and  two 
diaphragms  are  centered  on  the  beam,  one  in  front  of  and  one 
behind  the  cell.  Finally,  the  pulsed  probe  beam  is  aligned 
through  the  two  diaphragms  and  subsequently  optimized 
through  the  cell.  To  overlap  the  two  beams,  the  cell  is  again 
removed  after  the  alignment  of  the  probe  beam,  and  the  in¬ 
frared  beam  is  adjusted  until  the  two  beams  produce  overlap¬ 
ping  bum  spots  on  a  piece  of  thermo-fax  infrared  copy  paper. 
Final  adjustments  are  made  by  optimizing  the  signal. 


F'C.  2.  Cross-sectional  (a)  and  side 
view  (b)  of  the  Raman  cell. 
W  =  quartz  window,  Dl. 
D2  =  straight  and  conical  baffles. 
J  =  stray  light  jacket.  IR  =  position  of 
IR  pump  beam.  UV  =  probing  UV 
beam.  L  =  collimating  lens.  The  cell  is 
mounted  on  four  posts.  P,  from  which 
it  can  easily  be  removed  by  lifting  the 
light  shaft,  S,  through  which  the  scat¬ 
tered  light  reaches  the  detection  hard¬ 
ware.  The  window  holder  in  the  upper 
drawing  has  been  rotated  by  90'  to 
show  the  Brewster  angle  mounting. 
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B.  Detection 


II.  HARDWARE  DESCRIPTION 


The  scattered  light  is  analyzed  in  a  light-tight  enclosure 
on  a  raised  platform  above  the  scattering  cell  [see  Figs.  2(b) 
and  3).  The  scattered  light  that  exits  the  cell  consists  of 
Stokes  and  anti-Stokes  Raman  signals,  Rayleigh  scattering, 
and  stray  light.  A  dichroic  mirror  and  a  quartz  lens  image 
the  scattering  region  onto  the  entrance  slit  of  a  double  mono¬ 
chromator.  The  imaging  ratio  of  the  detection  lenses  is  2  :  1, 
so  that  the  6  \  2-mm  entrance  slit  of  the  monochromator 
corresponds  to  a  3  >.  1  mm  area  of  the  scattering  region.  Ad¬ 
ditional  spatial  filtering  between  the  two  monochromators 
further  reduces  stray  light.  Since  high  spectral  resolution  is 
not  a  requirement  for  the  present  study,  two  small  0.25  m 
//3.5  monochromators  were  employed.  Apart  from  their 
high  throughput,  small  monochromators  have  a  high  rejec¬ 
tion  ratio  (typically  10u),  which  is  needed  to  eliminate  the 
elastically  scattered  light.  The  total  throughput  of  the  two 
monochromators  is  about  4%.  A  photomultiplier  is  mount¬ 
ed  directly  onto  the  exit  slit  of  the  monochromator  in  a  ther- 
moelectrically  cooled  housing. 


C.  Specifications 


The  overall  signal-to-noise  ratio  of  cell  and  detection  is 
excellent:  Even  though  single  photons  are  registered  for  each 
laser  pulse,  the  measurements  can  be  performed  in  daylight 
or  with  room  lights  on.  The  amount  of  ambient  light  that 
reaches  the  photomultiplier  after  the  spatial  and  spectral  fil¬ 
tering  is  well  below  the  1 . 5-kHz  dark  count  rate  of  the  photo¬ 
multiplier  tube  and  therefore  entirely  negligible.  The 
amount  of  stray  light  detected  just  behind  the  entrance  slit  of 
the  monochromator  after  evacuating  the  cell  is  less  than 
10“  10  of  the  probe  beam  and  around  10-6  at  the  position  of 
the  lens.  The  overall  detection  efficiency,  including  the 
quantum  efficiency  of  the  photomultiplier  is  3x  10-4. 


The  general  layout  of  the  setup  for  measuring  the  Ra¬ 
man  scattering  from  infrared  multiphoton  excitation  is 
shown  in  Fig.  3.  A  description  of  the  high-power  picosecond 
CO:-laser  facility  can  be  found  in  Ref.  6.  The  infrared  pulse 
power  is  monitored  by  a  pyroelectric  detector  (P2)  and  fo¬ 
cused  into  the  cell  with  a  cylindrical  ZnSe  lens.  The  full 
width  at  half-maximum  ( FWHM )  beam  size  at  the  intersec¬ 
tion  of  the  two  laser  beams  is  0.35  x  6  mm.  The  output  of  the 
2-switched  ruby  laser  ( 300  mJ  in  20  ns)  is  monitored  by  a 
fast  silicon  photodiode  (FND)  and  frequency  doubled  with 
a  temperature  tuned  RDA  crystal.  The  resulting  ultraviolet 
radiation  at  347  nm  is  split  off  with  a  harmonic  beam  splitter, 
its  polarization  rotated  in  the  plane  of  the  two  laser  beams 
with  a  half-wave  plate,  and  focused  into  the  cell.  The 
FWHM  beam  waist  at  the  focus  is  1 80/zm.  The  power  of  the 
ultraviolet  pulse  ( 30  mJ  in  1 8  ns )  is  monitored  with  a  Hama¬ 
matsu  phototube.  The  scattered  light  is  focused  onto  the  en¬ 
trance  slit  of  a  tandem  Jarrel-Ash  0.25-m  Ebert-type  mono¬ 
chromator  with  2400  grooves/mm  gratings.  The  linear 
dispersion  of  the  system  is  1.65  nm/mm.  Most  measure¬ 
ments  were  carried  out  at  a  resolution  of  3  nm,  enough  to 
prevent  elastically  scattered  light  from  reaching  the  detec¬ 
tor.  The  output  of  the  monochromator  is  detected  with  a 
Amperex  XP2020Q  photomultiplier  tube  ( 1-ns  time  resolu¬ 
tion,  1. 5-kHz  dark  count  rate,  25%  quantum  efficiency).  A 
mechanical  shutter  (S)  protects  the  tube  when  the  detection 
box  is  opened. 

Since  the  power  of  the  CO-  laser  and  the  time  delay 
between  the  two  laser  pulses  are  fluctuating  considerably, 
and  since  the  observed  signals  are  in  the  photon  counting 
regime,  many  thousands  of  laser  shots  (typically  104)  are 
needed  for  a  single  experimental  run.  The  data  are  sorted  out 
after  measurement,  and  the  random  fluctuations  in  power 
(and  to  a  certain  degree  those  in  timing)  provide  the  vari¬ 
ation  needed  to  obtain  results  as  a  function  of  these  param- 


Fig.  3  Setup  for  measuring  the  spontaneous 
Raman  scattering  from  infrared  multiphoton 
excited  molecules  at  low  densities.  Molecules 
excited  by  a  CO,  laser  are  probed  by  the  sec¬ 
ond  harmonic  of  a  Ruby  laser.  BS  =  beam 
splitter.  SHG  =  second-harmonic  generator, 
HBS  =  harmonic  beam  splitter,  A  /2  =  half¬ 
wave  plate,  FND  =  fast  photodiode. 
PT  =  phototube,  PI.  P2  =  pyroelectric  de¬ 
tector,  M  =  mirror.  DM  =  dichroic  mirror. 
L  =  quartz  lens.  S  =  shutter.  and 
PMT  =  photomultiplier  tube  The  detection 
(monochromator,  photomultiplier,  etc  )  is 
located  in  a  light-tight  enclosure  located  di¬ 
rectly  above  the  Raman  cell  Drawing  not  to 
scale. 
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Fig  4.  Schematic  view  of  the  data-acquisition  electronics. 

eters.  The  long  duration  of  the  measurements  and  the  large 
amount  of  data  collected  made  it  necessary  to  automate  the 
data  acquisition.  Figure  4  shows  a  diagram  of  the  data-ac- 
quisition  electronics.  The  CO:  laser  is  located  in  a  rf  shielded 
room  to  prevent  interference  with  the  data-acquisition  elec¬ 
tronics.  Furthermore,  all  trigger  connections  with  the  two 
lasers  are  opto-isolated  to  prevent  any  feedback  of  noise  via 
the  trigger  cables.  The  electronics  are  mounted  in  NIM  (nu¬ 
clear  instrumentation  module)  racks  and  a  CAMAC  (com¬ 
puter  automated  measurement  and  control)  crate. 

A  home-built  master  trigger  module  provides  the  trig¬ 
ger  pulses  for  the  ruby  laser,  Q  switch.  CO:-laser  and  laser 
amplifiers,  and  the  data  acquisition.  Even  though  the  trigger 
pulses  can  be  set  with  nanosecond  accuracy,  the  inherent 
jitter  of  the  lasers  prevents  synchronization  better  than  100 
ns.  Therefore,  the  time  delay  between  pump  and  probe  is 
measured  for  each  pair  of  laser  pulses.  A  fast  pyroelectric 
detector  (Fig.  3,  PI)  and  a  fast  photodiode  (FND),  both 
with  subnanosecond  resolution,  provide  the  start  and  stop 
pulses  for  an  EG&G  Ortec  model  457  time  to  pulse-height 
convener.  A  vanable  delay  for  the  start  pulse  allows  both 
negative  and  positive  time  delays  between  the  two  pulses  to 
be  registered.  To  make  the  timing  measurement  independent 
of  the  fluctuations  in  intensity,  the  two  pulses  are  first  pro¬ 
cessed  by  an  EG&G  Ortec  model  934  constant  fraction  dis¬ 
criminator.  The  overall  accuracy  of  the  time-delay  measure¬ 
ment  is  better  than  1-ns.  The  overall  time  resolution  of  the 
measurements,  however,  is  limited  by  the  18-ns  duration  of 
the  probe  pulse. 

The  incoming  data  pulses  ( see  Fig.  4)  are  integrated  and 
sampled  twice  in  each  data-acquisition  cycle,  once  160  ms 
before  and  once  immediately  after  the  lasers  fire.  Thus  one 
can  correct  for  possible  base-line  drift  during  long  measure¬ 
ments  A  Kinetic  Systems  model  3531  multiplexer  sequen¬ 
tially  scans  the  incoming  pulses  to  a  Kinetic  Systems  model 
3553-Z1C  12-bit  analog-to-digital  converter.  The  output 
from  the  photomultiplier  tube  is  recorded  by  a  Gould  Bio- 
mation  8  iOO  transient  waveform  digitizer  and  then  read  out 
to  the  CAMAC  crate  with  a  Standard  Engineering  model 
GIO-810  input/output  register  and  interface.  All  data,  i.e., 
the  base-line  data  and  signals  from  the  integrators  and  the 
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digitized  waveform,  are  transferred  loa  microcomputer  by  a 
Kinetic  Systems  model  3988-G2A  GP1B  CAMAC  craie 
controller.  The  computer  analyzes  the  output  from  the  pho¬ 
tomultiplier  tube,  corrects  for  the  tail  of  darkcounts  that 
occurred  just  before  the  probe  pulse,  displays  the  resulting 
data,  and  stores  them  on  a  Winchester  disk.  Data  analysis 
and  display  can  be  done  on  line  at  any  point  during  the  mea¬ 
surement.  The  computer  is  connected  to  a  local  area  network 
of  computing  facilities  for  backups  and  further  data  han¬ 
dling. 

The  software  is  all  written  in  C  language.  Up  to  19  dif¬ 
ferent  channels  can  be  measured  and  analyzed.  The  mea¬ 
surement  program  also  allows  manual  input  on  one  data 
channel.  This  is  particularly  useful  when  a  signal  needs  to  be 
measured  as  a  function  of  a  parameter  that  cannot  be  con¬ 
trolled  or  measured  directly  by  computer,  e.g.,  the  alignment 
of  certain  optics,  the  optimization  of  the  timing  of  the  laser 
amplifiers,  or  calibrations.  This  feature  has  proven  to  be  of 
great  help  during  the  development  of  the  setup,  and  effec¬ 
tively  means  that  any  measurement,  even  in  the  photon 
counting  regime,  can  be  carried  out  with  the  same  data-ac¬ 
quisition  and  analysis  software. 

The  analysis  programs  allow  the  display  of  any  combi¬ 
nation  of  the  datachannels  on  two  axes.  The  data  can  also  be 
calibrated,  transformed,  and  averaged.  Finally,  theoretical 
curves  can  be  fitted  to  the  points  obtained. 

III.  EXPERIMENTAL  RESULTS 

The  apparatus  is  used  to  study  the  intramolecular  vibra¬ 
tional  distribution  of  energy  in  various  infrared  multiphoton 
excited  molecules.7  The  scope  of  this  research  project  is  to 
determine  whether  the  intramolecular  vibrational  energy- 
distribution  after  multiphoton  excitation  corresponds  to  a 
common  equilibrium  among  the  various  vibrational  degrees 
of  freedom  of  the  molecules.  This  can  be  determined  by  mea¬ 
suring  the  intensity  of  different  Raman  lines. 

Figure  5  shows  the  Stokes  and  anti-Stokes  signals  from 
the  v,  mode  of  SF,,  as  a  function  of  the  time  delay  between 
the  pump  (tuned  to  the  v,  mode  ofSFj  and  probe  pulses.  A 
clear  increase  in  the  signals  can  be  seen  immediately  after  the 
multiphoton  excitation  at  r  =  0.  This  measurement  was  car- 
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FlC.  5.  Intensity  of  Stokes  and  anti-Stokes  signals  for  SF„  at  a  pressure  of 
135  Pa  as  a  function  of  the  time  delay  between  pump  and  probe  pulses  A 
negative  delay  means  that  the  molecules  are  probed  before  they  are  excited 
The  signals  are  normalized  to  the  thermal  Stokes  signals.  The  rise  time  in 
the  curves  reflects  the  IS-nx  CWHM  duration  of  the  probe  pulse 
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Fie  b  Normalized  intensity  of  the  anti-Stokes  signals  for  SF*  at  a  pressure 
of  14  Pa  as  a  function  of  the  time  delay  between  pump  and  probe  pulses  The 
nse  time  in  the  curve  reflects  the  1 8-ns  FWHM  duration  of  the  probe  pulse. 


ried  out  at  a  cell  pressure  of  140  Pa.  The  data  were  accumu¬ 
lated  over  a  period  of  10  h,  or  6  X  10'  laser  pulses.  Figure  6 
shows  that  even  at  a  pressure  of  14  Pa  good  data  can  be 
obtained.  The  data  in  these  two  graphs  have  been  averaged  in 
20-ns  intervals.  The  same  signal-to-noise  ratio  can  be  ob¬ 
tained  with  5-ns  intervals.  It  should  be  recalled,  however, 
that  in  the  present  experimental  setup  the  time  resolution  is 
limited  by  the  18-ns  duration  of  the  probe  pulse.  For  full 
details  of  the  measurements  and  a  discussion  of  the  results 
the  reader  is  referred  to  Ref.  7. 

Figure  7  shows  two  spectra  obtained  with  the  present 
apparatus  at  a  cell  pressure  of  1 50  Pa.  The  spectral  resolu¬ 
tion.  which  is  determined  by  the  exit  slit  of  the  monochroma¬ 
tor.  is  3  nm.  These  graphs  clearly  show  the  capabilities  of  the 


Fig.  7  Raman  spectrj  for  SF„  ( top )  and  C;H,F-  (bottom )  obtained  al  150 
fa  with  (closed  symbols)  and  without  (open  symbols)  infrared  excitation. 
The  small  sertical  arrow  shows  the  position  of  the  probe  pulse  at  347. 15  nm. 
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present  setup  and  ihe  feasibility  of  measuring  spontaneous 
Raman  scattering  at  these  low  pressures.  There  is  no  mea¬ 
surable  contribution  of  stray  light  at  the  position  of  the  Ra¬ 
man  lines — at  a  shift  of  about  2  times  the  resolution  of  the 
spectrometer. 


IV.  DISCUSSION 


The  apparatus  described  above  has  been  in  use  for  well 
over  a  year  now  and  has  proven  to  be  a  valuable  tool  in  the 
study  of  intramolecular  dynamics.  This  apparatus  has  made 
it  possible  to  carry  out  time-resolved  spontaneous  Raman 
spectroscopy  in  samples  at  pressures  down  to  14  Pa.  The 
main  features  of  the  apparatus  are  the  reduction  of  stray 
light,  the  high  collection  efficiency,  the  automated  multi¬ 
channel  data  acquisition,  and  integrated  data  handling,  as 
well  as  proven  reliability. 
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Spontaneous  Raman  spectroscopy  is  used  as  a  tool  for  studying  the  vibrational  energy  distribution 
of  collisionless  infrared-multiphoton-excited  SF6.  A  collisionless  increase  in  Stokes  and  anti-Stokes 
signals  from  the  strong  Raman-active  V|  mode  is  observed  after  infrared-multiphoton  excitation  by  a 
high-power  500-ps  C02-laser  pulse  tuned  to  the  infrared  active  v3  mode.  Results  are  presented  over 
a  pressure  range  from  13  Pa  (100  mTorr)  to  270  Pa  (2  Torr).  The  pressure  dependence  clearly 
proves  that  the  increase  does  not  depend  on  collisions.  The  effects  are  studied  as  a  function  of  time 
and  of  the  infrared  energy  fluence,  infrared  wavelength,  and  infrared  pulse  duration.  The  experi¬ 
mental  data  show  that  an  intramolecular  equilibrium  of  vibrational  energy  is  established  within  the 
20-ns  time  resolution  of  the  experimental  setup.  The  multiphoton  excitation  shows  a  red  shift  and 
intensity  broadening.  A  comparison  with  results  from  photoacoustic  measurements  is  made. 
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I.  INTRODUCTION 

In  1973  it  was  discovered  that  isolated  molecules  in  the 
ground  electronic  state  can  be  dissociated  by  a  short,  intense 
pulse  from  a  COo-laser.1  During  the  last  decade  the  absorp¬ 
tion  of  many  monochromatic  infrared  photons  by  isolated 
molecules,  called  infrared  multiphoton  excitation,  has  been 
studied  extensively  by  many  groups.-  It  was  found  that  this 
is  a  general  property  of  polyatomic  molecules  that  have  an 
infrared  active  mode  resonant  with  the  laser  field.  The  depend¬ 
ence  of  multiphoton  excitation  on  infrared  intensity,  fluence, 
frequency  and  molecular  size,  as  well  as  spectra  of  infrared 
multiphoton  excited  molecules  have  been  reported.  Techno¬ 
logical  applications  of  infrared  multiphoton  excitation  have 
also  been  developed:  Examples  are  isotope  separation,3-6 
unimolecular  reactions,7-**  and  molecular  synthesis.9  At  the 
same  time  several  theoretical  approaches  have  been  proposed 
to  describe  this  phenomenon.10-15  Because  the  spectrum  of 
vibrational  and  rotational  transitions  between  excited  vibra¬ 
tional  states  is  not  well  known,  multiphoton  excitation  has 
proven  difficult  to  describe  quantitatively.  Although  most  of 
the  conceptual  ideas  of  the  theory  have  been  verified  experi¬ 
mentally.  many  open  questions  remain. 

One  question  that  has  been  receiving  recent  attention 
concerns  the  intramolecular  distribution  of  energy  in  infrared 
multiphoton  excited  molecules.16  As  is  well-known,  colli¬ 
sions  with  other  molecules  rapidly  equilibrate  vibrational 
energy  among  the  different  molecular  degrees  of  freedom.  In 
the  absence  of  collisions,  however,  the  energy  distribution 
mechanisms  in  highly  vibrationally  excited  molecules  are 
not  vet  well  understood.  At  high  excitation  the  spacing  be¬ 
tween  vibrational  levels  becomes  increasingly  smaller  and 
many  quasi-isoenergetic  combinations  of  states  exist.  In  this 
regime  molecular  excitation  occurs  mostly  through  incoher¬ 
ent  one-photon  transitions  between  states  that  are  defined  by 
total  energy  content.  Since  the  number  of  states  involved  is 
large  —  and  often  not  even  known  —  the  problem  is  inher- 
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ently  complicated,  even  for  a  modest  size  molecule.  More¬ 
over.  the  lack  of  spectroscopic  data  of  highly  excited  states 
renders  a  complete  quantum  mechanical  treatment  of  the  exci¬ 
tation  dynamics  nearly  impossible.  So  it  is  in  general  not 
possible  to  determine  the  intramolecular  distribution  of  ener¬ 
gy  in  infrared  multiphoton  excited  molecules  a  priori. 

A  statistical  description  of  the  ensemble  of  modes  with¬ 
in  a  single  molecule  has  therefore  been  proposed  as  an  alter¬ 
native.17- 18  Nonlinear  dynamics  studies  have  shown  that 
energy  can  swing  back  and  forth  between  two  coupled  oscilla¬ 
tors  in  such  a  way  that  —  in  the  sense  of  a  time-average  — 
energy  is  equipartitioned.19  This  conclusion  agrees  with  re¬ 
cent  experiments.-0  where  transfer  of  energy  between  two 
closely  spaced,  isolated,  modes  has  been  demonstrated  by 
observing  the  beating  fluorescence  signal  from  these  modes. 
For  a  system  consisting  of  many  coupled  oscillators,  such 
as  a  highly  vibrationally  excited  polyatomic  molecule,  there 
are  many  channels  for  transferring  excitation  energy.  Since 
the  period  of  Poincare  cycles  is  an  exponential  function  of 
the  dimension  of  phase  space.21  it  exceeds  the  mean  free 
time  between  collisions  even  for  a  modest  size  molecule  at 
pressures  above  10  Pa.  Therefore  intramolecular  vibrational 
energy  transfer  in  a  highly  excited  polyatomic  molecule  can 
be  considered  irreversible  for  all  practical  purposes.  A  statis¬ 
tical  description  implies  an  intramolecular  equilibrium  distri¬ 
bution  of  energy  among  the  various  modes  of  an  infrared 
multiphoton  excited  molecule  on  collisionless  time  scales. 
The  aim  of  our  present  research  effort  is  to  establish  experi¬ 
mentally  whether  such  an  approach  is  justified. 

Direct  experimental  information  on  both  intramolecular 
and  intermolecular  energy  distribution  after  infrared  multi¬ 
photon  excitation  has  been  obtained  by  spontaneous  Raman 
spectroscopy22-27  and  from  infrared  double  resonance  experi¬ 
ments.28-30  In  this  paper  we  elaborate  on  a  previously 
reported  experiment.31  in  which  internal  energy  leakage  from 
an  infrared  active  mode  to  a  Raman  active  mode  is  observed 
by  monitoring  the  evolution  of  the  anti-Stokes  Raman 
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II.  THEORY 


In  this  section  ue  present  a  brief  treatment  of  sponta¬ 
neous  Raman  scattering,  in  order  to  derive  a  simple  expres¬ 


sion  for  the  total  intensity  of  the  light  scattered  from  a 
Raman  active  mode.  Both  radiation  field  and  molecular 
system  are  treated  quantum  mechanically.  To  describe  the 
mechanism  of  Raman  scattering  we  consider  the  interaction 
of  the  field  with  the  induced  polarization  P  of  the  molecule. 


P  =  fj0  +  a  •  E. 


(1) 


where  is  the  permanent  dipole  moment  of  the  molecule, 
a  a  tensor  representing  the  molecular  polarizability,  and  a •£ 
the  induced  dipole  moment.  The  physical  system  is  described 
by  the  Hamiltonian  operator,  which  contains  terms  describ¬ 
ing  the  molecular  system  and  the  electromagnetic  radiation 
field,  and  a  term  representing  the  interaction  between  the 
molecular  polarization  and  the  field.  This  last  term,  the  inter¬ 
action  Hamiltonian  H jm.  is  responsible  for  the  light  scatter¬ 
ing.  In  the  electric-dipole  approximation  one  has 


E  •  a  •  £  . 


(2) 


Following  Placzek3-  one  expands  the  molecular  polar¬ 
izability  a  as  a  Taylor  series  of  the  generalized  coordinate 
</  of  the  molecular  v  ibrational  mode  being  considered 


«=«,+  (y1) q  +  t(§t)  +  •••  •  (3) 

oq  o  2  o 


Substituting  a  into  Hml  we  obtain. 


H  =£•  a  •£  +  £•(—)  •  E  q 


• Eq\  ... 

dq-  <> 


(4) 


The  first  term  represents  the  Rayleigh  scattering,  the 
remaining  terms  first  and  higher  order  Raman  scattering. 
Since  higher  order  scattering  is  rejected  in  our  experiment, 
we  need  only  consider  the  term  linear  in  <y.  In  simple 
harmonic  approximation  we  have 


q  =  (/;  /8ZT-/JVR  )l/-  [  /T  +  h  \ 


(5) 


where  hT  and  h  are  the  creation  and  annihilation  operator  for 
the  vibrational  quanta  respectively,  and  vR  the  frequency  of 
the  harmonic  oscillator.  The  field  is  quantized  similarly: 


E,  =  (2/T/M'R/fl  I1  :  1  !  |  0,  -11,  | 


i  fi  i 


with  o'  and  o  the  creation  and  annihilation  operators  for  the 
field.  £  the  relative  permittivity.  I  the  mode  volume,  and  e; 
a  unit  vector  representing  the  polarization  of  the  light  of 
wavelength  A.  The  linear  temi  in  the  interaction  Hamilton¬ 
ian  can  therefore  be  written  in  the  follow  ine  form. 


W,n,  -  (fO  Kh  ‘'AS  +  V>  ‘'S  I  (eL*e 


R' 


<7 1 


where  the  indices  L.  AS.  S  and  R  stand  for  laser.  anti-Stokes. 
Stokes  and  Raman  respectively.  The  first  term  in  this  expres¬ 
sion  annihilates  a  vibrational  quantum  and  therefore  corre¬ 
sponds  to  the  anti-Stokes  branch.  The  second  term  corre¬ 
sponds  to  the  Stokes  branch.  The  transition  probability  from 
an  initial  state  I  /  )  to  a  final  state  I/),  is  given  by 


W  =  l(./  l  Wim  I  i  >1-  .  (SI 

For  the  eigenstates  In)  of  the  harmonic  oscillator  one  has 

/V  I  ll  >  =  (/)  +  I)'/-  I  /)  +  I  )  .  (9) 

and 

/>!/;)  =  /t1/-  I  n  -  1  )  . 


(10) 


with  n  the  vibrational  quantum  number  corresponding  to 
state  I/;). 

From  eqs.  (7)  through  (10)  it  can  now  immediately  be 
seen  that  the  transition  probabilities  for  Stokes  and  anti- 
Stokes  transitions  depend  on  u+l  and  n.  respectively 


W 


//—>//+! 


~»+i.  w„ 


(in 


Hence  the  total  intensity  of  the  spontaneous  Stokes  and  anti- 
Stokes  Raman  signals  (summed  over  all  vibrational  levels 
of  the  particular  vibrational  mode  considered).  /$  and  / A$.  are 
given  bv 


/s  ~  X w  , 

3  n~»i+ 1 

n  =  0 


Nod  -  X  <"+ 1  >  j 
»=o 


+  X  " 


Nut) 


(12) 


n  =  I 


I  *  , 

n  =0 


/V( 


n)  ~  X "  • 


II  =  i 


with  N(n)  the  population  of  level  n.  Substituting 

the  average  energy  in  the  mode  per  molecule. 

£r  =  livR  Z  n  Niti).  we  find  for  the  summations  in 

eq.  (12) 

F  E 

*-D  *—  D 


's~  1  + 


llVr 


/  AS  ~ 
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li  is  important  10  note  that  in  the  luimionie  approximation 
the  result  obtained  does  not  depend  on  the  energy  distri¬ 
bution  \i//i.  but  only  on  the  uverave  energy 
Thus,  the  intensity  of  a  Raman  active  mode  is  a 
measure  for  the  average  energy  content  of  the  mode.  This 
can  then  be  compared  with  the  energy  content  of  other 
modes  and  with  the  total  energy  deposited  into  the  sample. 
Such  a  comparison  will  tell  how  the  absorbed  energy  is 
distributed  in  the  absence  of  collisions. 


III.  EXPERIMENTAL  METHOD  AND  APPARATUS 

A  schematic  view  of  the  setup  is  shown  in  Fig.  I.  An 
infrared  exciting  beam  and  an  ultraviolet  probing  beam  cross 
inside  a  scattering  cell33.  The  spontaneous  Raman  signal  of 
the  SF6  molecules  is  detected  along  the  direction  perpen¬ 
dicular  to  the  incident  beams.  The  scattering  cell  consists  of 
two  orthogonal  arms,  that  contain  a  series  of  black  anodized 
baffles,  arranged  to  trap  scattered  or  diffracted  light,  see 
Fig.  2.  Light  scattered  in  the  interaction  region  is  collected 
over  a  solid  angle  of  Jt/16  sr.  and  focused  onto  the  entrance 
slit  of  a  double  monochromator  of  3  nm  resolution.  The  out¬ 
put  from  the  monochromator  is  detected  by  a  fast  ultraviolet- 
sensitive  photomultiplier.  Since  the  number  of  photons  that 
reach  the  photomultiplier  per  laser  pulse  is  less  than  ten.  the 
signal  has  to  be  averaged  over  a  large  number  of  shots,  typ¬ 
ically  IQ4. 

The  short-pulse  COy-oscillator-amplifier  system  is 
shown  in  Fig.  3.  The  laser  pulse  originates  in  the  241  cm 


FIG  i.  Setup  for  measuring  ihe  spontaneous  Raman  scatter¬ 
ing  from  infrared  multiphoton  excited  molecules  at  low  densi¬ 
ties.  Molecules  excited  by  a  COs-laser  are  probed  by  the  sec¬ 
ond  harmonic  of  a  Ruby  laser.  BS  =  beam  splitter.  SHG  =  sec¬ 
ond  harmonic  generator.  HBS  =  harmonic  beam  splitter.  )J2  = 
half-wave  plate.  FND  =  fast  photodiode.  PT  =  photo-tube.  PI. 
P2  =  pyroelectric  delector.  M  =  mirror.  DM  =  dichroic  mirror. 
L  =  quartz  lens.  S  =  shutter.  PMT  =  photomultiplier  tube.  The 
detection  i monochromator,  photomultiplier,  etc.)  is  located  in 
a  light-tight  enclosure  located  directly  above  the  Raman  cell. 
Drawing  not  to  scale. 


FIG.  2.  Cross-sectional  view  of  the  Raman  cell.  W  =  quart/ 
window.  Dl.  D2  =  straight  and  conical  battles.  J  =  strav  light 
jacket.  IR  =  position  of  ir  pump  beam.  LV  =  probing  uv 
beam.  L  =  collimating  lens.  The  window  holder  has  been 
rotated  by  MO1’  to  show  the  Brewster  angle  mounting. 

long  cavity  of  a  hybrid  COs-laser.  with  a  62  MHz  longi¬ 
tudinal  mode  spacing.  The  cavity  consists  of  a  transversely 
excited  atmospheric-pressure  (TEA)  section  and  a  low  pres¬ 
sure  (500  Pa)  continuous  wave  (CW)  discharge  cell.  Since 
the  TEA  section,  a  Taschisto  Model  215  COy-laser  head,  has 
a  bandwidth  of  3.6  GHz.  the  laser  can  oscillate  on  many 
modes  simultaneously.  The  low  pressure  section,  which  has 
a  55  MHz  bandwidth,  however,  acts  as  an  active  filter  and 
allows  only  one  longitudinal  mode  in  the  cavity.-14  To 
prevent  the  laser  from  occasionally  lasing  on  two  adjacent 
modes,  each  laser  pulse  is  monitored  by  a  fast  detector. 
When  lasing  on  two  modes  occurs,  the  detector  signal  has  a 
beat  frequency  of  62  MHz.  An  electronic  circuit  then  adjusts 
the  length  of  the  laser  cavity  with  a  piezoelectric  transducer 
to  restore  single  mode  operation. 

The  single  mode  output  pulses  from  this  hybrid  laser, 
which  have  a  100  ns  full-width  at  half  maximum  duration, 
are  truncated  by  a  self-triggered  plasma  shutter.35-36  The 
truncated  pulses  have  a  slow  rise  time  —  identical  to  the  rise 
time  of  the  100  ns  pulses  —  and  an  ultra-short  fall  time  of 
about  10  ps.  The  pulses  are  further  shortened  by  optical  free 
induction  decay  (OFID)  in  a  4  m  long  low-pressure  C02- 
cell.37  The  output  pulse  duration  can  be  varied  continuously 
from  30  to  250  ps  by  adjusting  the  pressure  in  the  cell  from 
30  kPa  to  4  kPa.  The  peak  power  of  the  short  pulse 


FIG.  3.  The  short-pulse  COs-oscillator-amplifier  system  used 
for  the  infrared  multiphoton  excitation  of  the  SFf,  (see  text 
for  explanation)  G  =  grating.  F  =  output  coupler.  S  =  beam 
splitter.  MB  =  mode-beat  detector.  PS  =  plasma  shutter.  M  = 
mirror. 
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generated  is  equal  to  iluu  ot  the  mpui  pulse,  while  the  total 
energy  is  decreased  by  a  factor  that  is  the  ratio  of  the  dura¬ 
tion  of  output  and  input  pulses. 

One  Lumonics  model  10.3  laser  amplifier  operating  at 
atmospheric  pressure  and  two  It)  atm  Lumonics  model  280 
amplifiers  are  used  to  boost  the  energy  of  the  short  laser 
pulse.  The  atmospheric  pressure  amplifier,  which  has  the 
smallest  bandwidth,  limits  the  pulse  duration  to  5(X)  ps. 
W  ith  the  high  pressure  amplifiers,  which  have  a  much  larger 
bandwidth,  pulses  shorter  than  50  ps  can  be  amplified  with¬ 
out  significant  stretching.  The  output  beam  is  focused  into 
the  scattering  cell  by  a  cylindrical  lens.  Depending  on  the  op¬ 
tical  arrangement  used,  the  beam  waist  is  2.2x0.18  mm 
or  6  x  0.35  mm.  The  average  output  energy  is  100  mJ. 

The  probe  beam  is  generated  by  a  Raytheon  model  SS- 
420  (3-switehed  ruby  laser  that  is  frequency-doubled  with  a 
RDA-crystal  second  harmonic  generator.  The  second  harmon¬ 
ic  at  347.15  nm  is  vertically  polarized,  i.e.  in  the  direction 
of  detection.  A  half-wave  plate  rotates  the  polarization  by 
00”  into  the  plane  of  the  two  laser  beams  to  obtain  a 
maximum  cross-section  for  Raman  scattering,  see  Eq.  (7). 
The  beam  is  focused  into  the  scattering  region,  where  it 
crosses  the  infrared  laser  beam.  The  beam  waist  at  the  focal 
point  is  500  mm.  and  the  average  probing  pulse  energy  is 
5  mJ. 

A  0.3  Hz  pulse  generator  controls  the  timing  of  the 
lasers  and  the  dala-acquisition  system.  The  trigger  pulses  are 
optically  isolated  to  prevent  feedback  of  radio-frequency 
noise  from  the  lasers.  The  synchronization  of  lasers  and  am¬ 
plifiers  is  controlled  electronically.  The  accuracy  is  limited 
by  the  UX)  ns  jitter  of  the  lasers.  Since  this  is  inadequate  for 
our  measurements,  the  time-delay  between  infrared  and  ultra- 
violet  pulses  is  measured  for  each  pair  of  pulses.  Two  fast 
detectors  provide  start  and  stop  pulses  for  an  EG&G  model 
457  time  to  pulse-height  converter,  which  measures  the  time 
delay  between  the  two  laser  pulses.  Although  the  resolution 
of  the  lime  to  pulse-height  converter  is  better  than  lOOps. 
the  time  resolution  of  the  setup  is  limited  by  the  18  ns 
duration  of  the  probe  beam,  which  we  plan  to  improve  in 
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FIG  4  Schematic  diagram  of  the  multichannel  data-acquisi- 
t ion  svstem. 


the  near  luturc.  The  energy  of  pump  and  probe  pulses  are 
measured  by  a  pyroelectric  detector  and  a  phototube,  respec¬ 
tively.  Two  electrodes,  placed  around  the  focal  point  of  the 
plasma  shutter,  allow  monitoring  of  the  plasma  breakdown. 
A  small  electronic  circuit  can  thus  determine  if  the  infrared 
pulses  are  truncated  correctly.  All  signals  are  collected  by  a 
dala-acquisition  system  that  is  controlled  by  a  Digital 
PRO  350  microcomputer. 

The  19-channel  dala-acquisition  system  is  shown  in 
Fig.  4.  It  consists  of  home-made  pulse  sampling  electron¬ 
ics.  and  a  computer  automated  measurement  and  control 
(CAMAC)  crate,  containing  a  multiplexer,  analog-to-digital 
converter,  general  input/output  interface,  and  a  general  pur¬ 
pose  interface  bus  (GPIB)  crate  controller.  For  every  laser 
pulse,  the  pulse  generator  provides  two  trigger  pulses  to  the 
data-aequisition  system,  one  100  ms  before  and  one  immedi¬ 
ately  after  the  lasers  fire.  This  makes  it  possible  to  correct 
for  a  baseline-offset  each  time  the  signals  are  sampled.  All 
data  from  the  sample  and  hold  circuits  are  converted  to  digi¬ 
tal  signals  by  the  multiplexer  and  analog-to-digital  convert¬ 
er.  To  correct  for  dark  counts,  the  photomultiplier  tube 
signal  is  recorded  by  a  Biomation  model  KI(X)  transient 
waveform  digitizer  w  ith  10  ns  sampling  interv  als.  The  crate 
controller  provides  the  interface  to  the  computer,  which  in 
addition  to  reading  and  storing  data,  also  monitors  the  values 
and  rejects  invalid  data.  A  more  detailed  description  of  the 
experimental  setup  can  be  found  in  Ref.  33. 

For  the  measurements  presented  in  this  paper,  the  fol¬ 
lowing  signals  were  recorded:  Raman  signal  intensity,  input 
energy  and  time-delay  of  ultraviolet  and  infrared  pulses,  ruby 
laser  energy  ,  and  plasma  breakdown.  For  every  measurement 
the  various  signals  are  calibrated.  The  pyroelectric  detector, 
which  monitors  the  infrared  pumping  energy,  is  calibrated 
with  a  Scientech  Joule  meter,  and  the  ultraviolet  phototube, 
which  monitors  the  ultraviolet  probing  pulse  energy  ,  w  ith  a 
Molectron  pyroelectric  detector.  The  photomultiplier  signal 
is  calibrated  by  measuring  the  room  temperature  Stokes  sig- 


330  ;  340  350  (nm)  360 


FIG.  5.  Raman  spectrum  of  SFh.  with  i closed  symholsi  and 
without  (open  symholsi  infrared  multiphoton  excitation.  Infra¬ 
red  excitation:  Id.h  urn  Pi 20 1  line.  (1.5  ns  pulse  duration,  and 
average  fluence  O.h  x  It^J/in-  The  small  arrow  shows  the 
position  of  the  laser  radiation  at  347.15  nm. 
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mil  without  infrared  nmltipholon  excitation.  henceforth  re¬ 
ferred  to  as  thermal  Stokes.'  as  a  reference. 

As  we  are  dealing  with  small  signals,  several  consisten¬ 
cy  checks  were  performed  to  ensure  that  no  systematic  errors 
occur.  It  was  verified  that  there  are  no  signals  without  ultra¬ 
violet  probing  pulse,  or  without  gas  in  the  scattering  cell, 
and  no  anti-Stokes  signal  for  negative  time-delay.  Repro¬ 
ducibility  of  the  measurements  w  as  checked  routinely  during 
each  measurement  and  from  measurement  to  measurement. 

Data  analysis  starts  with  a  histogram  of  the  infrared 
energy  values.  Then,  the  datapoints  within  the  optimal  range 
of  infrared  energy  are  further  analyzed.  The  data  are  further 
restricted  to  include  only  v  al id  data  and  subsequently  calibrat¬ 
ed  and  plotted.  All  Raman  signals  are  normalized  with  the 
ultrav  iolet  pumping  intensity  and  the  thermal  Stokes  signal 
so  that  the  results  from  different  measurements  can  be  com¬ 
pared.  Each  individual  measurement  carried  out  at  a  fixed 
pressure  contains  enough  datapoints  to  obtain  the  time  and 
tluence  dependence  of  the  Raman  signals.  The  pressure 
dependence  was  obtained  separately  by  varying  the  pressure 
within  one  experimental  run. 


IV.  RESULTS 

Experiments  have  been  performed  at  room  temperature 
on  SF„  at  sample  pressures  ranging  from  13  Pa  to  270  Pa. 
The  SF(,  gas.  obtained  commercially,  had  a  purity  of 
99.995rr.  Data  were  obtained  for  the  COy-laser  frequencies 
between  the  P(l2i  and  P(28)  lines  of  the  10.6 qm  branch, 
which  are  resonant  with  the  triply  degenerate  infrared  active 
vymode  ( F |  „ )  of  SFf,.  Two  different  pulse  durations  were 
employed:  short  0.5  ns  and  truncated  15  ns  full-width  at 
half-maximum  pulses  with  fluences  up  to  7  x  l(HJ/m-. 
The  15  ns  truncated  pulses  are  obtained  with  an  optical  free 
induction  decay  cell  pressure  of  1.3  kPa.  At  these  low 
pressures,  the  pulses  have  an  asymmetric  shape,  with  a  10- 
90f;  rise  time  of  10  ns  and  a  short  subnanosecond  fall  time. 
The  Raman  signals  are  obtained  at  a  shift  of  775  cm’1  from 
the  frequency -doubled  ruby  laser,  corresponding  to  the  totally 
symmetric  breathing  vrmode  (3^,)  of  SFf,.  Results  are 
shown  in  Figs.  5  through  12.  The  vibrational  modes  of 
SF,,  are  given  in  Table  I.5* 


t  (ns) 


FIG.  6.  Intensity  ol  Stokes  (closed  symbols)  and  anti-Stokes 
(open  symbols)  signal  as  a  function  of  ihe  lime  delay  be¬ 
tween  pump  and  probe  pulses  at  a  pressure  of  67  Pa.  The  data 
are  normalized  to  the  thermal  Stokes  signal.  Negative  time 
delay  means  that  the  signals  are  measured  before  ihe  infrared 
muitiphoton  excitation.  The  rise  time  in  ihe  curves  reflects 
the  18  ns  FWHM  duration  of  the  probe  pulse.  Results  arc 
shown  for  two  different  durations.  0.5  ns  (squares)  and  15  ns 
(circles).  Infrared  excitation  at  the  10.6  qm  P(20i  line,  vvith 
an  average  fluence  of  0.8  x  I (H  J/m-. 

The  points  shown  in  the  figures  are  obtained  by 
dividing  the  v-axis  into  a  number  of  intervals  (usually 
twenty),  and  averaging  the  data  that  lie  within  each  of  the 
intervals.  Since  our  experiment  is  done  in  the  photon 
counting  regime,  the  standard  deviation  of  the  photo¬ 
multiplier  signal  is  comparable  to  its  average  value,  even 
when  the  data  is  restricted  to  those  data  points  where  the 
fluctuation  in  the  pump  laser  intensity  is  no  more  than 
20r/c.  According  to  the  central  limit  theorem,  the  standard 
deviation  in  average  value  for  a  certain  interval  is  inversely 
proportional  to  the  square  root  of  the  number  of  data  w  ithin 
that  interval. Typically  ,  at  100  Pa.  about  200  laser  pulses 
are  needed  to  obtain  a  I0°f  standard  deviation.  Since  the 
experiment  is  carried  out  at  a  repetition  rate  of  0.3  Hz.  the 
stability  of  Ihe  alignment  limits  the  total  number  of  shots 
to  I04  for  a  single  experimental  run.  This  means  that  there 
is  a  trade-off  between  the  number  of  points  in  one  figure  and 
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TABLE  1.  Vibrational  modes  of  SF(,.  taken  from  Ref.  38  (s 

=  strong,  w  =  weak). 
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FIG.  7  Long  time  behavior  of  the  anti-Stokes  signal  for  two 
pressures:  p  =  70  Pa  (open  symbols)  and  p  =  270  Pa 

(closed  symbols  i.  The  signal  is  normalized  to  one  at 
/  =  20  ns.  Infrared  excitation:  10.6  pm  P(20)  line.  0.5  ns 
pulse  duration,  and  average  fluence  UHj/m-.  The  decay  of 
the  curses,  which  is  due  to  diffusion  of  the  excited  molecules 
out  of  the  interaction  region,  scales  with  pressure  (see  text 
for  details). 

the  length  of  the  error  bars.  In  all  measurements  presented 
here  the  error  bars  are  about  10%  of  the  absolute  value  of  the 
data  points. 

Fig.  5  shows  the  Raman  spectrum  of  SFh  with  and 
without  infrared  pumping.  The  central  peak  is  due  to  elas¬ 
tically  scattered  light  —  mainly  Rayleigh  scattering.  The 
spectral  resolution,  which  is  determined  by  the  slit  of  the 
monochromator,  is  3  nm.  Without  the  infrared  pumping 
only  a  Stokes  shifted  peak  is  observed.  This  is  because  at 
room  temperature  less  than  3%  of  the  molecules  are  in 
excited  states  of  the  Raman  active  mode.  With  infrared 
pumping  it  is  seen  that  both  Stokes  and  anti-Stokes  signals 
increase.  Since  the  Vy  and  v,  modes  have  opposite  svm- 


0  100  200  300 

P  (Pa) 


Fig  s.  Pressure  dependence  of  anti-Stokes  i closed  symbols i 
and  thermal  Slokes  (open  symbolsi  signal  Inlrared  excitation 
for  anti-Slokcs  data.  10.6  pm  P(20i  line.  0.5ns  isc|uuresi  and 
15  ns  i  circles  i  pulse  duration.  and  average  fluence 
2  -  I04  J,m- 


FIG.  9.  Relative  anti-Stokes  signal  as  a  function  of  the  infra¬ 
red  pumping  fluence  for  various  pressures  and  (wo  infrared 
pulse  durations  at  the  10.6  pm  P(20)  line:  0.5  ns  (open 
symbols)  and  15  ns  (closed  symbols)  This  graph  shows  the 
reproducibility  of  the  data  from  measurement  to  measurement. 

~  7.3  Pa;  :  :  67  Pa;  A  :  133  Pa;V  :  200  Pa; 

O  267  Pa;  •:  133  Pa. 


metry.  they  do  not  couple  at  low  excitation.  This  figure, 
however,  clearly  show  s  that  under  infrared  multiphoton  exci¬ 
tation  the  energy  distribution  of  the  Raman  active  mode  is 
changed.  It  also  shows  that  there  is  no  contribution  from 
elastically  scattered  light  at  the  position  of  the  Raman  lines. 
The  remainder  of  the  experimental  results  are  obtained  at 
fixed  frequencies.  356.7  nm  and  338  nm  for  the  Stokes  and 
anti-Stokes  lines,  respectively. 

Fig.  6  shows  the  increase  of  both  Slokes  and  anti- 
Stokes  signals  as  a  function  of  the  time  delay  between  the 
infrared  pump  and  the  probe  pulse  for  two  infrared  pulse  dura¬ 
tions.  0.5  ns  and  15  ns  at  a  pressure  of  67  Pa  and  an 
average  infrared  fluence  of  0.8  x  I04  J/nv.  Negative  time 
delay,  t  <  0.  means  that  the  molecules  are  probed  before  the 


FIG.  in.  Relume  Stoke-  mpen  -ymbul-i  and  anti-Stokes 
(closed  symbolsi  -iguul  u-  u  function  ot  the  inlrared  pumping 
fluence  at  the  in. 6  urn  P(2tli  line  tor  15  n-  pul-e-  ai  two 
dillerent  pre-ure-  />  =  2"  Pa  t  squares t.  and  /’=!'- '  Pa 
(circles  t. 
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k  (cm'1) 


FIG.  II  Anti-Stokes  signal  lor  excitations  at  different  COs- 
lines  Tile  curse  slums  the  one  photon  absorption  cross 
section  i see  scale  on  the  right  i  A  clear  red-shill  can  he 
observed  Data  lor  two  different  pulse  durations  at  an  average 
lluence  ol  l(iJJ/m-  are  shown:  0.5  ns  (open  symbols  i  and 
I s  ns  i closed  ssmbolsi.  The  position  ol  the  data  points  with 
respect  lo  the  right  hand  vertical  scale  is  arbitrary 

infrared  multiphoton  excitation,  i.e.  the  molecules  are  at  ther¬ 
mal  room  temperature  equilibrium  The  Raman  signals  are 
normalized  with  the  equilibrium  room  temperature  (thermal) 
Stokes  signal.  W  ithin  the  20  ns  time  resolution  of  the  ex¬ 
periment.  determined  by  the  duration  of  the  ultraviolet  pulse, 
a  i  nlli\ii>nlcs\  (see  discussion)  increase  of  both  Stokes  and 
anti-Stokes  signals  is  observed.  The  increase  is  consistent 
with  the  result  obtained  in  Eq.  (13).  i.e.  for  each  pulse  dura¬ 
tion  both  Stokes  and  anti-Stokes  signal  increase  by  the  same 
amount.  Atler  the  initial  increase  the  signals  remain  con¬ 
stant.  even  on  a  time  scale  on  which  collisional  vibrational 
energy  relaxation  starts  to  play  a  role  (the  vibrational  relaxa¬ 
tion  time  constant.  r(  t .  is  given  by  pT\.\  =  70 /js  Pa).40 
Clearly,  collisions  do  not  affect  the  total  intensity  of  the 
anti-Stokes  signal.  This  shows  that  intramolecular  equi¬ 
librium  is  reached  on  a  lime  scale  shorter  than  the  time  reso¬ 
lution  Since  the  intensity  of  the  signal  is  determined  by  the 
average  energy  in  the  mode  only,  intermolecular  vibrational- 
vibrational  energy  transfer  will  not  affect  the  Raman  signals 
once  intramolecular  equilibrium  is  reached. 

The  long  time  evolution  of  the  anti-Stokes  signal, 
measured  at  two  different  gas  pressures.  70  and  270  Pa  is 
shown  in  Fig  7.  The  observed  decay  in  the  signals  is  about 
ten  times  taster  than  the  relaxation  time  reported  for  collisio¬ 
nal  transfer  of  vibrational  energy  to  translational  degrees 
ol  Ireedom  t /if(  ./ =  lb  ms  Pa).41  Moreover,  the  low  pres¬ 
sure  signal  decays  taster  than  the  high  pressure  signal, 
showing  the  decay  is  not  caused  by  collisional  energy  relaxa¬ 
tion.  but  by  diffusion  of  the  excited  molecules  out  ol  the 
interaction  region  —  a  process  inversely  proportional  to 
pressure  Indeed,  data  points  obtained  at  the  higher  pressure 
sail  be  made  to  overlap  the  low  pressure  points  by  scaling 
the  horizontal  axis  with  pressure  (see  curves  in  Fig.  7i. 

Fig.  S  shows  the  pressure  dependence  of  the  signal,  ob¬ 
tained  by  varying  the  pressure  in  a  single  experimental  run. 


FIG.  12  Average  number  of  infrared  photons  absorbed  per 
molecule  as  a  lunction  ot  infrared  lluence  The  data  points 
shown  were  obtained  from  the  ones  shown  in  Figs.  4  and  1(1. 
assuming  thermal  equilibrium  between  all  vibrational  modes 
immediately  after  the  mtrared  multiphoton  excitation.  See 
those  figures  lor  an  explanation  of  the  symbols  The  solid 
lines  are  the  average  number  of  infrared  photons  obtained 
Irom  the  photoacoustic  measurements  reported  m  Ref.  43. 
The  results  show  a  remarkable  agreement 

Both  the  anti-Stokes  signal  from  infrared  multiphoton  excit¬ 
ed  molecules  as  well  as  the  thermal  Stokes  signal  from  unex¬ 
cited  molecules  are  shown.  The  points  lie  on  straight  lines, 
which  account  for  the  trivial  dependence  of  the  signals  on 
panicle  density.  This  figure  excludes  the  possibility  that  the 
observed  changes  in  Raman  signal  are  caused  by  a  collisio¬ 
nal  process,  in  which  case  one  would  expect  to  see  a  /in¬ 
dependence. 

The  infrared  lluence  dependence  of  the  Stokes  and  anti- 
Stokes  signal  is  shown  in  Figs.  9  and  10  for  different  pres¬ 
sures  and  pulse  durations.  The  results  shown  were  obtained 
in  different  runs,  each  one  calibrated  individually .  The  spread 
in  data  therefore  shows  the  absolute  accuracy  and  the  repro¬ 
ducibility  of  the  experimental  data.  Fig.  10  shows  once 
again  that  both  Stokes  and  anti-Stokes  signals  increase  by 
the  same  amount,  in  agreement  with  Eq.  (13). 

Fig.  II  shows  the  anti-Stokes  signal  for  excitations  at 
different  COy-lines.  Each  point  shown  represents  a  separate 
experimental  run  in  which  the  anti-Stokes  signal  was  mea¬ 
sured  at  a  particular  laser  line.  From  each  of  these  measure¬ 
ments.  carried  out  with  two  different  pulse  durations,  the 
infrared  lluence  dependence  was  obtained,  yielding  graphs 
similar  to  Fig.  10.  One  point  from  each  of  these  tluence 
dependencies  tat  a  tluence  of  ID4  J/m-t  is  shown  here  As  a 
reference  the  low  signal  absorption  cross-section  for  SF,,  is 
also  plotted.4:  The  relation  between  the  two  vertical  scales 
is  arbitrary.  Because  of  the  anharmonicity  of  the  mode  the 
energy  level  spacing  decreases  with  increasing  excitation. 
Therefore  a  red  shift  front  the  center  of  the  one  photon 
absorption  band  is  observed.  Because  of  the  low  spectral 
resolution  of  3  tint  (250  cm1 1  of  the  present  setup,  a 
previously  reported  red  shift  of  the  Raman  displacement.-' 
could  not  be  observed. 
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\  .  DISCI  SSION 


Within  I  he  20  ns  time-resolution  ol  the  evperimeni.  an 
instantaneous  uillisionless  increase  ot  the  anti-Stokes  signal 
ot .  ullcmutiv elv .  the  average  energv  stored  in  the  Rattian- 
active  mode,  t'  observed.  It  the  energv  disinhuiion  aninn; 
the  JiMerent  vihialiouul  modes  is  not  m  equilibrium, 
siillisioiis  would  alter  the  energv  in  the  Raman  active  mode, 
and  consequent!}  chance  the  Raman  signal  intensitv.  Since 
the  Raman  signals  remain  constant  (within  the  100 
experimental  accuraev  i  tor  I  its  alter  infrared  multiphoton 
excitation,  an  intramolecular  vibrational  energv  equilibrium 
must  be  established  within  the  time-resolution  ot  the 
evperimeni. 

Further  evidence  ol  an  intramolecular  equilibrium  is 
obtained  bv  comparing  the  present  results  with  the  results 
obtained  from  photoacoustic  measurements.4'  Since  the 
Raman  signals  are  proportional  to  the  energv  stored  in  the 
Raman  active  mode,  the  energv  can  be  obtained  from  the 
relative  increase  in  anti-Stokes  sicnal 


I'  k  =  hvR  /.et  /l 1  ‘  e\pt-/n'R/Cr„i|. 


where  lK.  is  the  ratio  between  the  anti-Stokes  signal  and  the 
themial  Stokes  signal.  I  the  Bolt/mann  factor,  and  T0  room 
temperature.  This  equation  is  obtained  trorn  F.q.  1 1 3 1  and  the 
Bolt/mann  value  of  the  energv  in  the  mode  at  room 
temperature.  It  one  assumes  intramolecular  equilibrium 
aninne  the  different  vibrational  modes,  the  enerev  distri¬ 
bution  ot  the  different  modes  should  correspond  to  a 
common  temperature.  The  total  increase  in  vibrational 
enerev  ot  the  molecule  can  thus  be  calculated  from  this 
temperature,  and  compared  to  the  total  absorbed  energv. 
obtained  from  the  photoacoustic  measurements.  The  result 
ot  this  comparison  is  shown  in  Fig,  12.  The  average  total 
energv  absorbed  per  molecule  in  units  of  pumping  infrared 
photons  is  plotted  as  a  function  ot  infrared  fluence.  The  data 
points  arc  obtained  Irom  the  current  experiments,  while  the 
curves  show  the  result'  ol  the  photoacoustic  measurements 
trom  Ret  43,  The  agreement  between  the  two  measurements 
is  remarkable,  providing  strong  evidence  for  an  intra¬ 
molecular  equilibrium. 

It  should  be  pointed  out  that  the  photoacoustic 
measurements  monitor  all  molecules  absorbing  one  or  more 
intrared  photons,  while  the  Raman  measurements  onh 
involve  the  fraction  of  molecules  absorbing  enough  photons 
to  reach  the  region  where  the  infrared  and  Raman  active 
mode  couple  to  each  other,  a  region  trequentlv  referred  to  as 
the  quasicontinuum.1"  Consequent!}  the  curve  for  the 
Raman  experiment  should  fall  off  more  rapidl}  for  low 
tluences  than  the  one  tor  the  photoacoustic  experiment, 
since  the  fraction  of  excited  molecules  is  smaller.  This  is 
indeed  observed  tor  tluences  below  Hr4  J/m:. 

Another  remarkable  feature  is  that  a  collisionless 
increase  in  anti-Stokes  signal  within  20ns  can  still  be 
observed  at  intrared  tluences  as  low  as  3  x  |(fi  J/m-.'1 
where  the  average  infrared  absorption  of  SF6  is  reported  to 
be  below  I  photon  per  molecule4'  At  these  tluences  the 


/u/rnnolecular  vibrational  enerev  distribution  —  in  contrast 
to  the  //Wi/molccular  distribution  —  is  not  in  equilibrium; 
Apparent  lx  even  at  low  infrared  fluence  a  small  vet  measur¬ 
able  ft  action  of  molecules  is  excited  high  enough  to  show  a 
change  in  Raman  spectrum,  while  most  molecules  remain 
unexcited.  Such  a  bimodal  distribution,  consisting  of  some 
higlilv  excited  molecules  and  the  others  unexcited,  is  consis¬ 
tent  with  a  recent  observation  ot  two  or  three  photon  tran¬ 
sitions  in  a  pulse  jet  ot  SF(,  at  intrared  tluences  below 
2  x  10'  J/nv.44  At  higher  tluences  direct  experimental 
evidence  tor  a  bimodal  distribution  was  obtained  trom  high 
resolution  Raman  experiments. 

The  fluence  dependence  in  Fig.  9  shows  that  the  ratio 
of  the  anti-Stokes  signals  obtained  lor  the  0.5  and  15  ns 
pulses  decreases  as  the  fluence  increases  This  observation, 
which  is  in  agreement  with  the  photoacoustic  results.4' 
shows  that  in  the  low  fluence  range  intensitv  plavs  a  more 
important  role  in  the  intrared  multiphoton  excitation  of  SF,, 
than  in  the  high  fluenee  range.  At  low  excitation  high  ituen- 
sitv  is  needed  to  over-come  the  anharmonic  shit t  ol  the 
energv  levels.4'  In  this  regime  the  fraction  of  molecules 
excited  high  enough  to  show  a  change  in  Raman  spectrum 
depends  more  on  intensitv  than  it  does  the  in  high  fluence 
range.  Once  the  molecules  are  excited  to  a  regime  where  the 
manv  intramolecular  couplings  help  excitation,  onlx  fluence 
plavs  a  role.  Therefore  the  increase  in  anti-Siokes  signal 
w  hich  is  a  direct  consequence  of  intramolecular  couplings, 
depends  also  somewhat  on  intensit}  in  the  low  fluence 


In  Fig.  1 1  the  dependence  of  the  anti-Stokes  signals  on 
the  infrared  pumping  wavelength  is  shown  for  both  15  ns 
and  0.5  ns  multiphoton  excitation.  Because  of  the  anhar¬ 
monic  shift  of  the  levels  at  high  excitation,  the  signals  shift 
toward  the  red  b}  about  5  enr1  from  the  center  of  the  one 
photon  absorption  band.  The  present  data  matches  the  absorp¬ 
tion  profiles  for  SFf,  at  a  temperature  of  450  K  4h  much 
lower  than  the  2X00  K  final  temperature  corresponding  to 
the  average  absorption  of  25  intrared  photons  per  molecule 
at  ItHj/m-.  The  width  of  the  multiphoton  excitation  pro¬ 
files  also  shows  some  intensit}  broadening. 

The  results  shown  in  Fig.  I  agree  with  the  infrared 
multiphoton  absorption  profile4'  and  the  frequenc}  depen¬ 
dence  of  the  infrared  multiphoton  dissociation  probabilit}4s 
for  SF(1  reported  in  the  literature.  This  implies  that  the  anti- 
Stokes  Raman  signal  is  proportional  to  the  total  vibrational 
energv  stored  in  the  molecule  for  all  the  CCh-lines  within 
the  absorption  profile,  and  not  onh  for  the  center  frequent'}. 
Therefore  a  rapid  intramolecular  v  ibrational  energv  equilibri¬ 
um  appears  to  be  established  for  colltsionless  infrared  multi- 
photon  excitation  at  all  frequencies  that  lie  w  ithin  the  absorp¬ 
tion  profile  ot  SFf,. 


\  I.  CONCLUSIONS 


This  paper  presents  detailed  measurements  on  colltsion¬ 
less  infrared  multiphoton  excited  SFh.  Spontaneous  Raman 
spectroscop}  is  used  as  a  tool  to  n  nitor  the  energ}  in  the 
strong  Raman  active  vymode.  The  pressure  dependence  of 
the  observed  signals  clearl}  proves  that  one  is  dealing  with  a 
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v.'ll.-iottlc"  piix.,."  I  iiillk’mii'iv.  ilk'  k-'iils  pivsciil  sluing 
evidence  ih.n  ,m  inli.imnki.ul.ti  equilibrium  .mnnig  i ho  x.in- 
iuis  \  ihr.itum.il  modes  is  .ichiexcd  within  I  he  20  ns  nine- 
K'M'lulum  nl  (lie  e\|vriineni. 

We  have  observed  a  red  shill  and  intensity  broadening 
ol  thepump-trequencx  dependeneeand  deierniinedihe  lluenee 
dependenee  nl  ihe  meiease  in  Raman  signal.  The  observa¬ 
tions  aie  in  eveelleni  agreement  with  the  results  obtained  by 
oilier  techniques,  such  as  dissociation  and  photoacoustic  mea¬ 
surements.  These  techniques,  however,  monitor  the  total  vi¬ 
brational  energy  in  the  molecules,  whereas  the  present  expe¬ 
rimental  technique  is  only  sensitive  to  the  energv  in  one 
single  mode. 

bor  SF„  in  the  gas  phase,  one  is  limited  to  probing  one 
single  Raman  active  mode.  Experiments  on  molecules  that 
have  more  than  one  accessible  Raman  active  mode  are  in 


pioeress.  Fli.-se  evpei imeiiis  should  pn»  •  k  iiuthe:  m 
lormalion  on  the  intramolecular  eneiev  distribution  in  volli- 
sionless  mlrared  mulnphoton  excited  molecule'.  Even  more 
detail  vvill  be  provided  by  forthcoming  picosecond  coherent 
anti-Stokes  Raman  spectroscopy  experiments  on  infrared 
multiphoton  excited  molecules. 
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Raman  spectroscopy  of  infrared  multiphoton  excited  molecules 


Kuei-Hsien  Chen,  Jyhpyng  Wang  and  Eric  Mazur 

Department  of  Physics  and  Division  of  Applied  Sciences,  Harvard  University,  Cambridge  AM  02138 

Anti-Stokes  signals  from  various  modes  of  isolated,  infrared  multiphoton  excited  SF6  and  C2H4F2  molecules  are  measured  as 
a  function  of  pressure,  infrared  fluence  and  wavelength.  This  allows  to  verify  whether  intramolecular  equilibrium  of 
vibrational  energy  is  established  after  infrared  multiphoton  excitation  in  isolated  molecules. 


A  question  in  the  field  of  infrared  multiphoton 
excitation  on  which  much  effort  has  been  focusing 
recently  is  how,  under  collisionless  conditions, 
vibrational  energy  is  distributed  among  the  different 
modes  of  isolated  infrared  multiphoton  excited 
molecules.1  In  recent  experiments  we  have  been  using 
time-resolved  spontaneous  Raman  spectroscopy  in  low 
pressure  samples  as  a  tool  to  study  the  intramolecular 
vibrational  energy  distribution  in  isolated  infrared 
multiphoton  excited  molecules.  Several  authors  have 
proposed  that  the  ensemble  of  modes  in  highly 
vibrationally  excited  molecules  can  be  described 
statistically.2'3  A  statistical  description  implies  an 
equipartitioning  of  energy  among  the  various  molecular 
modes.  The  aim  of  our  current  research  is  to  determine 
experimentally  whether  such  an  approach  is  justified. 

Measurements  were  carried  out  on  SF6  and  C2H4F2. 
In  both  cases  it  is  observed  that  part  of  the  excitation 
energy  is  distributed  to  Raman  active  modes.  The  total 
amount  of  energy  in  the  Raman  active  mode  can  be 
determined  by  measuring  the  intensity  of  the  Raman 
signals.  Quantitative  measurements  of  the  Raman  signals 
have  been  carried  out  as  a  function  of  time,  gas  pressure, 
infrared  excitation  energy,  pulse  duration  and  frequency. 

Fig.  1  shows  the  increase  in  anti-Stokes  Raman 
intensity  for  one  of  the  four  accessible  Raman  active 
lines  of  C2H4F2.  Whithout  excitation  no  anti-Stokes 
signal  could  be  observed.  This  is  due  to  the  fact  that  at 
room  temperature  less  than  2%  of  the  molecules  are  in 
excited  states.  After  multiphoton  excitation  the  energy  in 
the  Raman  mode  is  changed  as  can  be  seen  from  the 
increase  in  anti-Stokes  intensity.  At  a  fluence  of  1.5 
J/cm2  all  of  a  sudden  broadband  fluorescence  obscures 
the  Raman  scattering.  This  broadband  fluorescence  is 
due  to  electronic  excitation  by  the  probing  ultraviolet 
pulse  of  either  highly  excited  C2H4F2  or  its  dissociation 
fragments. 


After  measuring  the  energy  in  the  Raman  modes,  one 
can  compare  this  energy  with  the  energy  in  other  Raman 
active  modes  and  with  the  total  energy  absorbed  by  the 
molecule  as  a  whole  (known  from  photoacoustic 
measurements).4  In  Fig.  2  the  energy  in  the  Raman 
active  mode  of  multiphoton  excited  SFg  is  compared  to 

the  average  energy  (in  units  of  infrared  photons) 
absorbed  per  molecule,  assuming  equipartitioning  of 
energy  among  the  different  modes.  The  results  show  a 
remarkable  agreement  For  C2H4F2,  on  the  other  hand, 

the  energy  stored  in  the  various  Raman  active  modes 
after  the  infrared  multiphoton  excitation  does  not 
correspond  to  a  ‘common  temperature.’  The  energy  in 
one  mode  (at  a  Raman  shift  of  3000  cm'1),  namely,  does 
not  change  within  the  experimental  accuracy,  while  the 
other  modes  do  exhibit  changes. 

In  conclusion,  we  report  here  on  detailed  quantitative 
measurements  of  the  intramolecular  vibrational  energy 


Fig.  1 .  Anti-Stokes  spectrum  for  one  of  the  Raman  active  lines  of 
C2H,  ^  at  a  shift  of  863  cm1  for  different  infrared  excitation  fluences. 
The  increase  in  intensity  at  the  right  is  due  to  Rayleigh  scattering.  Above 
1  5  J'cm  2  broadband  fluorescence  obneuret  (he  Raman  scattering. 
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distributions  in  infrared  multiphoton  excited  molecules, 
'v  It  is  found  that  although  intramolecular  equilibrium  is 
»s  reached  in  infrared  multiphoton  excited  SF$,  this  is  not 

necessarily  true  for  infrared  multiphoton  excited 
molecules  in  general. 
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The  interaction  of  infrared  radiation  with  isolated  molecules: 
intramolecular  nonequilibrium 


Eric  Mazur,  Kuei-Hsien  Chen  and  Jyhpyng  Wang 

Department  of  Physics  and  Division  of  Applied  Sciences,  Harvard  University,  Cambridge,  MA  01238 


Anti-Stokes  signals  from  various  modes  of  isolated,  infrared  multiple  photon  excited  molecules  are  measured  to 
determine  the  intramolecular  distribution  of  vibrational  energy.  This  paper  presents  results  for  CFjHCl,  CF2C12,  SF6 
and  1,1 -C 2H4F2.  All  but  CF2HC1  exhibit  collisionless  changes  in  Raman  spectrum  after  infrared  multiphoton 
excitation.  This  shows  that  the  excitation  modifies  the  population  of  these  modes.  Even  though  the  symmetric  SF6 
molecule  reaches  an  intramolecular  equilibrium  within  the  20  ns  time  resolution  of  the  experiment,  the  other 
molecules  exhibit  a  distinct  nonequilibrium  intramolecular  distribution  of  vibrational  excitation  energy. 


Introduction 


The  rather  surprising  discovery,  that  isolated  polyatomic 
molecules  in  the  ground  electronic  state  can  absorb  a  large 
number  of  photons  from  a  resonant  high-power  infrared 
laser,1  has  led  to  extensive  experimental  and  theoretical 
studies  of  this  phenomenon  during  the  last  decade.2  Since  the 
vibrational  modes  of  a  molecule  are  generally  anharmonic,3 
one  would  expect  the  molecules  to  become  out  of  resonance 
with  an  initially  resonant  laser  field  after  the  absorption  of 
one  or  two  photons  (see  Fig.  la).  The  nurA.'  of  photons 
absorbed  per  molecule,  however,  can  be  as  ;ucge  as  30,  and 
the  increase  in  internal  energy  comparable  to  electronic 
excitation  energies.  Often  the  excitation  results  in 
collisionless  dissociation  of  the  molecules.  Experiments 
showed  that  the  absorption  is  a  stepwise  process  and  not  a 
simultaneous  absorption  of  many  photons.  The  list  of 
molecules  that  exhibit  this  behavior  grows  continuously,4 
and  infrared  multiphoton  excitation  evidently  is  a  general 
property  of  all  but  the  smallest  polyatomic  molecules. 

Clearly,  stepwise  absorption  of  infrared  laser  photons 
up  a  single  anharmonic  vibrational  manifold  is  not  possible. 
This  precludes  the  infrared  multiple  photon  excitation  of 
diatomic  molecules.  For  a  polyatomic  molecule,  consisting 
of  N  atoms,  however,  3N-6  coupled  anharmonic  vibrational 
modes  can  participate  in  the  process.  In  short  the  excitation 
mechanism  can  be  explained  as  follows.  At  a  certain  level  of 
excitation  the  density  of  states  becomes  very  large  and  many 
quasi-isoenergetic  (combinations  of)  states  exist.  In  this  high 
density  of  states  region  molecular  excitation  occurs  through 
incoherent  one-photon  transitions.  The  high  density  of  states 
and  the  anharmonic  coupling  of  molecular  modes  provide  a 
way  for  the  molecules  to  continue  to  absorb  photons.  Fig. 
lb  schematically  shows  the  absorption  of  one  photon  in  this 
regime:  a  resonant  mode  absorbs  a  photon,  and  immediately 


‘dissipates’  the  energy  to  an  intramolecular  heat-bath  formed 
by  other  nonresonant  modes  of  the  molecule. 

Immediately  the  question  arises  how  the  absorbed 
energy  is  distributed  among  the  various  modes  during  this 
process.  Do  all  modes  participate,  or  are  some  excluded  from 
the  process?  This  question  has  received  much  attention 
because  the  excitation  of  only  a  few  modes  inside  a  molecule 
might  lead  to  interesting  new  techniques  for  controlling 
chemical  reactions.  The  large,  and  often  not  even  known, 
number  of  states  renders  the  problem  inherently  complicated 
from  a  theoretical  point  of  view.  Several  authors  have 


b.  Polyatomic  molecule 


Fig.  1.  Infrared  excitation  in  a  diatomic  molecule  (a)  and 
multiple  photon  excitation  in  a  polyatomic  molecule  (b).  The 
diatomic  molecule  becomes  out  of  resonance  with  the  laser 
field  after  the  absorption  of  one  or  two  photons,  even  for 
very  intense  pulses  when  considerable  power  broadening 
occurs.  Polyatomic  molecules,  however,  have  many 
vibrational  modes  which  are  coupled  by  cross-anharmonici- 
ties.  Multiple  photon  excitation  can  then  take  place  through 
stepwise  incoherent  excitation  between  combinations  of 
states.  Because  other  modes  participate  in  the  process,  energy 
slowly  "leaks'  into  these  modes.  The  figure  shows  one 
possible  intramolecular  energy  exchange. 
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proposed  a  statistical  description  of  the  ensemble  of 
modes,5  6  suggesting  an  intramolecular  equilibrium 
distribution  of  vibrational  energy  among  the  various  modes 
of  an  isolated  infrared  multiphoton  excited  molecule. 

Direct  information  on  the  intramolecular  energy 
distribution  in  highly  excited  molecules  was  obtained 
experimentally  with  pump-probe  type  experiments,  such  as 
infrared  double  resonance  experiments7-9  and 
spontaneous10"17  and  coherent1®’19  Raman  experiments. 
Raman  spectroscopy  was  first  employed  by  Bagratashvili  and 
coworkers10  and  later  by  our  group16  as  a  tool  for  studying 
infrared  multiple  photon  excitation.  Fig.  2  schematically 
shows  the  general  concept  of  these  experiments.  First,  an 
intense  infrared  laser  pulse,  resonant  with  a  particular  infrared 
active  mode  (shown  at  the  right),  excites  an  isolated 
molecule.  The  figure  shows  one  possible  excitation  pathway: 
after  the  (coherent)  absorption  of  a  few  photons  at  the 
bottom  of  the  resonant  vibrational  ladder,  the  molecule 
reaches  the  high  density  of  states  region  known  as  the 
quasicontinuum  (shown  in  the  figure  as  an  overlap  of  the 
various  modes),  and  energy  starts  to  ‘leak’  to  other  modes. 
After  the  excitation  a  second  laser  pulse  probes  one 
Raman-active  mode  from  the  intramolecular  ‘heat-bath’  of 
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Fig.  2.  Spontaneous  Raman  spectroscopy  of  infrared  multiple 
photon  excited  molecules.  After  irradiation  with  an  intense 
infrared  pulse  the  molecules  reach  a  region  of  high  density  of 
states  known  as  the  ‘quasicontinuum'.  Molecules  that  remain 
in  the  lower  vibrational  states  (cold  molecules)  show  only 
Stokes  scattering  (1),  while  the  highly  excited  ones  (hot 
molecules)  show  both  a  shifted  Stokes  (2)  and  an  anti-Stokes 
signal  (3). 


modes  (shown  at  the  left).  At  room  temperature  the 
population  of  excited  states  of  the  Raman  active  modes  is 
only  a  few  percent,  so  that  without  infrared  excitation  only  a 
Stokes  signal  is  observed  (Fig.  2,  transition  1).  If  some  high 
lying  states  of  the  Raman  active  mode  participate  in  the 
excitation  process  they  may  become  populated.  Because  of 
the  anharmonicity  of  the  Raman  active  mode,  a  shift  in 
Stokes  signal  is  then  observed13  (Fig.  2,  transition  2),  and 
an  anti-Stokes  signal  appears  (Fig.  2,  transition  3). 
Anti-Stokes  scattering  is  a  particularly  sensitive  probe  for 
the  population  of  excited  levels  in  the  Raman  active  mode, 
because  of  the  absence  of  signal  without  excitation. 

In  simple  harmonic  approximation  one  can  readily  show 
that  the  transition  probabilities  and  W  for 

Stokes  and  anti-Stokes  transition  respectively,  are 
proportional  to  the  quantum  number  n.  Therefore  the 
intensity  of  the  Stokes  and  anti-Stokes  signals  are 
proportional  to  the  average  total  energy  in  the  mode,  £R  = 
hvRZn  N(n),  with  vR  the  frequency  of  the  Raman  active 
mode,  and  N(n)  the  population  of  level  n. 


“  °°  '  £ 

XW  N(n)~  Y(n+l)N(n)=-£-+l, 

.  n-+n  +  1  L\t 


/  -Y  W  N(n)  «  T  n  N(n)  =  .  (2) 

A^  ““  n-*n  - 1  “ 

n  -  0  n  .  0  "VR 


From  these  equations  it  follows  that  if  the  infrared 
multiphoton  excitation  alters  the  population  of  the  levels  in 
the  Raman  active  mode,  the  Stokes  and  anti-Stokes  signal 
intensities  will  change.  Thus,  spontaneous  Raman 
spectroscopy  allows  one  to  determine  experimentally  the  role 
of  various  modes  in  the  infrared  multiple  photon  excitation 
process. 


Experimental  setup 

The  experimental  setup,  shown  schematically  in  Fig.  3, 
is  discussed  in  detail  in  a  previous  paper.16,17  Basically, 
molecules  excited  by  a  pulse  of  either  0.5  or  15  ns  duration 
from  a  high  power  tunable  CC^-laser  are  probed  by 
frequency-doubled  ruby  laser  pulse  of  20  ns  duration.  The 
two  laser  beams  cross  in  a  low  pressure  cell  and  scattered 
light  from  the  interaction  region  is  detected  in  a  direction 
perpendicular  to  the  two  beams.  A  low  resolution 
monochromator  (1-2  nm)  separates  the  Raman  light  from 
elastically  scattered  light.  Spectral  resolution  is  sacrificed  for 
nanosecond  time  resolution  and  signal  intensity  (to  enable 
measurement  at  low  density).20  For  each  pulse  the  infrared 
pulse  energy  and  the  time  delay  between  the  pump  and  the 
probe  pulse  is  measured. 
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Fig.  3.  Setup  for  the  measurement  of  spontaneous  Raman 
scattering  from  infrared  multiphoton  excited  molecules  at  low 
densities.  BS  -  beam  splitter,  SHG  »  second  harmonic 
generator,  HBS  -  harmonic  beam  splitter,  1U2  -  half-wave 
plate,  FND  -  fast  photodiode,  PT  -  phototube,  PI,  P2  - 
pyroelectric  detector,  M  -  mirror,  DM  -  dichroic  mirror,  L  « 
quartz  lens,  S  «  shutter,  PMT  -  photomultiplier  tube. 
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To  isolate  intramolecular  from  (collisional) 
intermolecular  effects  the  signals  are  measured  at  pressures 
low  enough  to  ensure  that  no  significant  collisional 
relaxation  of  vibrational  energy  occurs  on  the  time  scale  of 
the  experiment.  Since  the  gas-kinetic  mean-free  time  is 
roughly  given  by  pTmf  «  104  ns  Pa,  and  the  probe  pulse 
limits  the  time  resolution  of  the  experiment  to  20  ns,  one 
has  to  work  at  pressures  of  400  Pa  (3  torr)  or  lower.  The 
Raman  signals  then  correspond  to  single  photon  counts,  and 
therefore  the  data  must  be  averaged  over  at  least  104  pulses 
to  obtain  a  satisfactory  signal-to-noisc  ratio.  At  the  end  of  a 
measurement  the  data  points  are  sorted  out  according  to 
infrared  pump  intensity  and  time-delay  between  pump  and 
probe,  and  averaged. 


Experimental  results  and  discussion 

.  •  Four  different  molecules,  CFjHCl,  CF2Cl2,  SFg  and 

1,1 -C 2H4F2,  varying  in  size  from  five  to  eight  atoms,  were 
studied  with  the  present  apparatus.  Figs.  3  through  9  show 
rs  some  of  the  experimental  results.  Table  I  presents  some 
relevant  molecular  data  as  well  as  an  overview  of  the 
r  experimental  results.  All  measurements  were  carried  out  at 

■V  room  temperature,  with  gas  pressures  ranging  from  14  to 

' '  500  Pa  and  with  infrared  fluences  up  to  8  x  104  J/m2  The 

commercially  obtained  gases  have  a  reported  purity  better 
than  99.9%. 
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Fig.  4.  Raman  spectrum  of  SFg,  with  (closed  symbols)  and 
without  (open  symbols)  infrared  multiphoton  excitation. 
Infrared  excitation:  10.6  pm  P(20)  line,  0.5  ns  (squares)  and 
15  ns  (circles)  pulse  duration,  both  at  an  average  fluence  of 
0.6  x  104  J/m2.  The  small  arrow  shows  the  position  of  the 
laser  radiation  at  347.15  nm. 


1.  SF6:  Measurements  on  this  symmetric  molecule 
have  been  reported  in  detail  previously.  7  This  molecule  has 
only  one  accessible  Raman  active  mode,  Vj,  with  a  Raman 
shift  of  775  cm'1.  Data  were  obtained  for  C02-laser 
frequencies  between  the  P(12)  and  the  P(28)  lines  of  the  10.6 
pm  branch,  which  are  resonant  with  the  triply  degenerate 
infrared  active  v3-mode  (944  cm'1).  Two  different  pulse 
durations  were  employed:  0.5  and  15  ns  full-width  at 
half-maximum  pulses. 

Fig.  4  shows  the  (low  resolution)  Raman  spectrum 
with  and  without  infrared  pumping.  As  expected,  the 
molecules  show  only  a  Stokes  signal  at  room  temperature. 
After  excitation,  however,  an  anti-Stokes  signal  appears,  and 
at  the  same  time  the  Stokes  signal  increases  in  accordance 
with  Eqs.  (1)  and  (2).  These  changes  occur  on  time  scales 
several  orders  of  magnitude  shorter  than  the  average  time 
between  collisions. 

Fig.  5  shows  the  increase  in  Stokes  and  anti-Stokes 
signals,  measured  at  356.7  and  338  nm  respectively,  as  a 
function  of  the  time  delay  between  the  pump  and  the  probe 
pulse  for  two  infrared  pulse  durations.  The  signals  for 
negative  time  delay  (t  <  0,  room  temperature  equilibrium) 
serve  as  calibration  for  the  Raman  signals.  At  t  =  0  infrared 
excitation  takes  place  and  the  Raman  signals  increase. 
Within  the  experimental  accuracy  both  Stokes  and 
anti-Stokes  signal  increase  by  the  same  amount,  in 
accordance  with  Eqs.  (1)  and  (2).  The  rise  time  of  the  signals 
is  determined  by  the  20  ns  pulse  duration  of  the  second 
harmonic  of  the  probe  laser.  However,  even  though  not 
resolved  in  these  measurements,  the  increase  in  signal 
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Fig.  5.  Intensity  of  Stokes  (closed  symbols)  and  anti-Stokes 
(open  symbols)  signals  of  SFg  as  a  function  of  the  time  delay 
between  pump  and  probe  pulses  at  a  pressure  of  67  Pa.  The 
data  are  normalized  to  the  thermal  Stokes  signal.  Negative 
time  delay  means  that  the  signals  are  measured  before  the 
infrared  multiphoton  excitation.  The  rise  time  in  the  curves 
reflects  the  20  ns  FWHM  duration  of  the  probe  pulse.  These 
results  were  obtained  for  0.5  ns  infrared  excitation  at  the  10.6 
urn  P(20)  line,  with  an  average  fluence  of  0.8  x  104  J/m2. 


clearly  occurs  on  a  time-scale  much  shorter  than  the  mean 
free  time  between  collisions  (about  200  ns  at  a  pressure  of 
67  Pa).  The  pressure  dependence  of  the  signals,  which  is  not 
presented  here,  shows  that  the  increase  in  signal  is  not  due  to 
collisions,  but  is  truly  a  collisionless  phenomenon.1 7 


interestingly  enough  the  signals  remain  constant,  even  on  a 
time  scale  on  which  collisional  vibrational  energy  relaxation 
occurs.21  For  longer  delay  times  (t  >2  ns),  diffusion  of  the 
excited  molecules  out  of  the  probing  region  causes  the 
signals  to  revert  to  their  original  values.17 

The  dependence  of  the  anti-Stokes  signal  intensity  on 
the  infrared  laser  fluence  (energy  per  unit  area)  is  shown  in 
Fig.  6  for  different  pressures  and  pulse  durations.  These 
results  were  obtained  in  separate  experimental  runs,  as 
indicated  by  the  different  symbols.  The  data  obtained  for  the 
two  pulse  durations  show  that  at  low  fluence  the  signals 
depend  on  the  exciting  laser  pulse  intensity:  a  larger  increase 
in  Raman  signal  occurs  at  the  shorter,  higher  intensity, 
pulses.  At  low  excitation  one  needs  a  high  intensity  for 
coherent  multiphoton  excitation  through  the  lower  part  of 
the  vibrational  laddet.  At  the  higher  fluences,  once  the 
molecules  are  highly  excited,  the  curves  for  the  0.5  and  15  ns 
pulse  durations  approach  each  other,  and  the  dependence  of 
the  signal  intensity  on  laser  pulse  intensity  vanishes.  This  is 
consistent  with  the  concept  of  a  quasicontinuum5  at  high 
excitation,  and  agrees  with  the  behavior  observed  in 
photoacoustic  measurements,  which  determine  the  total 
amount  of  energy  absorbed  per  molecule.22 

The  main  purpose  of  this  research  is  to  obtain 
information  on  the  role  of  nonresonant  modes  in  the 
multiphoton  excitation  of  polyatomic  molecules.  The 
observed  collisionless  changes  in  Raman  signals  provide 
clear  and  direct  evidence  that  some  of  the  nonresonant  modes 
do  indeed  participate  in  the  excitation  process.  Since  the 
intensity  of  the  signals  is  proportional  to  the  average  energy 
in  the  mode,  one  can  determine  £R  from  the  ratio  of  the 
anti-Stokes  intensity  to  the  thermal  room  temperature  value 
of  the  Stokes  signal,  /s°.  From  Eqs.  (1)  and  (2),  one  obtains 
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Table  1.  Overview  of  molecular  data  and  experimental  results. 


Molecule 

Number 
of  atoms 

Symmetric 

Pump  mode  CC>2-line 

(cm'1)  (cm'1) 

Raman  lines 
(cm'1) 

Equilibrium 

cf2hci 

5 

no 

1108 

9.4  jim  R(32);  1086 

587, 2  800, 2  1 134, 2  1325, 2  3029  2 

no? 

cf2ci2 

5 

no 

919 

10.6  nm  P(32);  933 

664, 1  919, 1  1082, 1  11473 

no 

7 

yes 

944 

10.6  nm  P(20);  944 

775  1 

yes 

C2H4F2 

8 

no 

942 

10.6  jan  P(20);  944 

870  1, 1141, 2  1457, 2  2978 2 

no 

1  Measured  in  this  experiment:  exhibits  change  in  intensity  after  infrared  excitation 
*  Measured  in  this  experiment:  no  measurable  change  in  intensity 

2  Not  measured;  very  weak 
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Fig.  6.  Fluence  dependence  of  anti-Stokes  signal  for  SFg. 
Relative  anti-Stokes  signal  as  a  function  of  the  infrared  pump 
fluence  for  various  pressures  and  two  infrared  pulse  durations, 
at  the  10.6  ftm  P(20)  line:  0.5  ns  (open  symbols)  and  15  ns 
(closed  symbols).  This  graph  shows  the  reproducibility  of  the 
data  from  measurement  to  measurement. 

□  :  33  Pa;  O:  67  Pa;  A  :  1  33  Pa;V  :  200  Pa; 

O:  267  Pa;#:  133  Pa. 
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with  £r°  the  room  temperature  equilibrium  value  of  £R. 

Unfortunately  the  lack  of  more  than  one  accessible 
Raman  active  mode  for  SF6  makes  it  impossible  to  compare 
the  energy  in  different  modes.  This  limits  us  therefore  to  a 
comparison  of  £R  with  the  average  total  energy  absorbed  per 
molecule,  <£>,  known  from  photoacoustic  measurements. 
One  may  also  write 


<£>  =  <n>  hv„ 


equilibrates,1,5  £r  remains  constant  once  intramolecular 


0.5  ns  /  A 
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Fig.  7.  Comparison  with  photoacoustic  measurements  for  SF^. 
The  average  number  of  infrared  photons  absorbed  per  molecule 
is  plotted  as  a  function  of  infrared  fluence.  The  data  points 
shown  were  obtained  from  the  ones  shown  in  Fig.  6, 
assuming  thermal  equilibrium  between  all  vibrational  modes 
immediately  after  the  infrared  multiphoton  excitation.  The 
solid  lines  show  the  average  number  of  infrared  photons 
obtained  from  photoacoustic  measurements.  The  results  show  a 
remarkable  agreement. 


equilibrium  is  achieved.  In  the  absence  of  intramolecular 
equilibrium,  one  would  expect  £R,  and  consequently  the 
signal  intensities,  to  change  on  a  much  shorter  time  scale 
because  of  a  rearrangement  of  energy  over  the  various 
vibrational  modes. 


with  <n>  the  average  number  of  infrared  photons  absorbed 
per  molecule.  If  the  intramolecular  distribution  of  energy  has 
reached  equilibrium,  <£>  may  be  obtained  from  ER  and 
compared  to  the  value  of  <n>  determined  in  photoacoustic 
measurements.  This  is  done  in  Fig.  7,  which  shows  <n>  as 
a  function  of  fluence.  The  data  points  correspond  to  the  data 
points  in  Fig.  6  (assuming  intramolecular  equilibrium),  and 
the  curves  show  the  results  obtained  from  photoacoustic 
measurement.  The  data  agree  remarkably  well,  suggesting 
that  for  SFg  the  intramolecular  energy  distribution  indeed 
equilibrates.  The  absence  of  a  decay  of  the  Raman  signals  in 
Fig.  4  further  supports  this  suggestion.  Even  though  the 
initially  nonequilibrium  intermolecular  distribution  of  energy 
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2.  CF-jHCl.  This  molecule  has  five  accessible  Raman  active 
modes  of  widely  different  energy  (600 — 3000  cm'1).  The 
peak  absorption  of  this  molecule  coincides  with  the  9.4  /an 
R(32)  C02  laser  line  at  1086  cm'1.  Even  at  the  maximum 
fluence  at  this  line  (2  x  104  J/m2),  none  of  the  five  Raman 
lines  show  any  detectable  change  in  intensity.  Photoacoustic 
studies23  of  the  infrared  multiphoton  excitation  of  this 
molecule  have  shown  that  at  such  a  fluence  the  molecules 
absorb  about  ten  infrared  photons.  The  absence  of 
anti-Stokes  scattering  from  low  lying  levels,  such  as  the 
Raman  active  mode  at  587  cm'1,  suggests  that  not  all  modes 
participate  in  the  excitation  process.  This  leads  to  the 
conclusion  that  the  energy  distribution  for  this  molecule  does 
not  equilibrate  without  collisions. 


3. 1 ,1-Cfl This  asymmetric  isomer  has  four  accessible 
Raman  modes.  Data  were  obtained  for  0.5  ns  long  pulses  at 
the  P(20)  line  of  the  10.6  /tm  branch,  which  is  resonant  with 
the  infrared  active  C — F  stretch  mode  at  942  cm'1.  At 
fluences  above  1.5  x  10  J/m  ,  an  intense  broadband 
fluorescence  appears.  At  those  fluences  the  molecules 
apparently  dissociate,  and  the  probe  laser  induces  a 
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Fig.  8.  Intensity  of  anti-Stokes  signal  for  the  870  cm"1  mode 
of  1  as  a  function  of  the  time  delay  between  pump 

and  probe  pulses  at  a  pressure  of  660  Pa.  The  data  show  a 
behavior  distinctly  different  from  the  one  for  SFg  These 
results  were  obtained  for  0.5  ns  infrared  excitation  at  the  10.6 
Jim  P(20)  line,  with  an  average  fluence  of  1.5  x  104  J/m2. 

fluorescence  from  the  dissociation  fragments.  This  laser 
induced  fluorescence  extends  far  (at  least  3000  cm'1)  into  the 
anti-Stokes  side  of  the  spectrum,  which  indicates  that  the 
dissociation  fragments  carry  a  considerable  amount  of 
excitation  energy.  One  can  discriminate  the  fluorescence  from 
Raman  scattering  either  spectrally  or  temporally.  The 
fluorescence  has  a  broad  continuous  spectrum  and  a  long 
decay  (jus),  while  the  spectrally  discrete  Raman  signals  (see 
Figs.  4  and  9)  coincide  with  the  20  ns  probe  pulse.  Since  the 
present  measurements  are  carried  out  at  fixed  wavelengths, 
only  temporal  discrimination  can  be  applied.  A  fast 
electronic  circuit  therefore  monitors  the  coincidence  of  the 
signals  with  the  probe  pulse,  and  flags  the  data  point  if  any 
signal  appears  after  the  probe.24  The  analysis  is  then  limited 
to  either  fluorescence  or  Raman  signals.  We  restrict 
ourselves  here  to  a  discussion  of  the  Raman  signals.  Up  to 
the  dissociation  threshold,  only  one  of  the  Raman  active 
lines,  at  870  cm"1,  shows  a  small  but  measurable  amount  of 
anti-Stokes  signal  after  excitation. 

Fig.  8  shows  the  time-dependence  of  the  anti-Stokes 
signal  for  the  mode  at  870  cm'1  at  a  pressure  of  660  Pa  and  a 
fluence  of  1.5  x  104  J/m2.  Again  a  short  collisionless 
increase  in  signal  occurs.  In  contrast  to  SFg,  however,  the 
anti-Stokes  signal  shows  a  decay  on  a  time  scale  of  the  same 
order  of  magnitude  as  collisional  vibrational  relaxation.  This, 
combined  with  the  fact  that  no  other  Raman  active  mode 
exhibits  any  change  up  to  the  dissociation  of  the  molecule, 
indicates  that  for  this  particular  molecule  too,  the  vibrational 
energy  does  not  reach  equilibrium. 

The  pumped  C — F  stretch  of  f  ,/-C2H4F2  ‘s  a  highly 
asymmetric  vibrational  mode.  It  is  consequently  not 


Fig.  9.  Stokes  spectrum  of  CF2CI2  without  infrared  multiple 
photon  excitation  (open  symbols)  and  anti-Stokes  spectrum 
with  infrared  multiphoton  excitation  (closed  symbols), 
infrared  excitation.  10.6  jim  P(32)  line,  and  15  ns  pulse 
duration.  The  arrows  mark  the  positions  of  the  laser  radiation 
at  347.15  nm,  and  the  pumped  mode  at  919  cm"1.  The  ratio 
of  anti-Stokes  to  (corresponding)  Stokes  peak  intensities 
clearly  show  that  the  pump  mode  is  the  'hottest'  mode  after 
the  infrared  multiphoton  excitation. 

surprising  that  almost  no  coupling  to  the  (symmetric) 
Raman  active  modes  takes  place.  Measurements  on  the  other 
isomer,  7,2-C2 H4F2,  with  a  much  more  symmetric  C — F 
stretch,  might  therefore  lead  to  a  better  insight  of  the  role  of 
symmetry  in  the  coupling  of  vibrational  modes. 

4.  CF 2C72:  This  five  atom  molecule  has  four  accessible 
Raman  active  modes,  three  of  which,  at  a  shift  of  664,  919, 
and  1082  cm'1  respectively,  were  measured  after  infrared 
multiphoton  excitation.  The  C — Cl  stretch  mode  at  919 
cm'1  is  both  infrared  and  Raman  active  and  can  be  pumped 
with  the  P(32)  line  of  the  10.6  jtm  branch  of  the  C02  laser. 
This  allows  to  directly  observe  the  energy  in  the  pump  mode 
and  compare  it  with  the  energy  in  other  modes.  The 
measurements  presented  here  were  all  carried  out  at  a  gas 
pressure  of  400  Pa,  For  this  molecule  too,  broadband  laser 
induced  fluorescence  appears  at  fluences  above  1.8  x  104 
J/m2.25 

Fig.  9  shows  the  Raman  spectrum  of  CF2C12  with  and 
without  infrared  multiphoton  excitation.  At  400  Pa  and  room 
temperature,  the  equilibrium  anti-Stokes  signal  cannot  be 
detected  because  of  the  small  population  of  excited  levels. 
The  anti-Stokes  part  of  the  spectrum  therefore  shows  the 
increase  in  energy  in  the  four  vibrational  modes.  The  pump 
mode,  indicated  in  the  graph  with  small  arrows,  clearly 
contains  the  largest  amount  of  energy  (see  the 
anti-Stokes — Stokes  intensity  ratio).  Surprisingly  enough, 
the  mode  at  664  cm'1  remains  relatively  ‘cold’.  Changes  in 
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Fig.  10.  Intensity  of  normalized  anti-Stokes  signals  for  three 
modes  of  CFjClj  as  a  function  of  the  time  delay  between 
pump  and  probe  pulses  at  a  pressure  of  400  Pa.  The  data 
points  for  the  mode  at  664  cm'*  are  multiplied  by  5.  These 
results  were  obtained  for  IS  ns  infrared  excitation  at  the  10.6 
Hm  P(32)  line,  with  an  average  fluence  of  1  x  104  J/m^. 


Fig.  11.  Comparison  of  the  anti-Stokes  to  Stokes  intensity 
ratios  for  3  modes  of  CFjC^.  The  grey  bars  are  calculated 
from  the  equilibrium  intensities  at  300  K  and  3300  K.  The 
black  bars  show  ratios  obtained  after  infrared  multiple  photon 
excitation.  For  clarity  the  intensities  for  300  K  and  3300  K 
have  been  multiplied  by  6.2  and  0.1,  respectively. 


<\- 

«*. 


energy  of  modes  with  a  larger  energy  step  than  the  energy  of 
the  infrared  photons  (1082  and  1147  vr.  933  cm'1)  also 
occur. 

In  Fig.  10  the  anti-Stokes  signals  of  three  modes, 
normalized  with  the  corresponding  room  temperature  Stokes 
signal,  are  plotted  as  a  function  of  time.  Again  the  signals 
rise  in  20  ns  and  remain  constant  up  to  600  ns.  We  can  now 
assess  the  distribution  of  energy  over  these  three  modes. 
From  the  ratio  of  anti-Stokes  to  room  temperature  Stokes 
signal  in  Figs.  9  and  10  one  can  immediately  deduce  that  the 
distribution  has  not  reached  equilibrium.  Fig.  1 1  compares 
these  ratios  for  the  three  modes  in  equilibrium  at  both  300  K 
and  3300  K  with  the  ratio  obtained  in  the  present 
experiment.  A  temperature  of  3300  K  equals  an  increase  in 
internal  vibrational  energy  corresponding  to  19  infrared  laser 
photons.  The  graph  clearly  shows  that  the  intramolecular 
distribution  of  energy  of  CFjC^  is  not  in  equilibrium,  and 
that  the  pump  mode  is  much  more  highly  excited  than  the 
other  Raman  active  modes. 


Conclusion 

This  paper  presents  the  results  of  measurements  of 
various  collisionless  infrared  multiphoton  excited  molecules. 
The  amount  of  energy  in  various  modes  of  these  molecules 
is  determined  from  the  spontaneous  Raman  scattering  of  each 
of  these  modes.  After  infrared  multiphoton  excitation  a 
collisionless  change  in  energy  distribution  takes  place  within 
the  20  ns  time  resolution.  Whereas  the  distribution  of 
vibrational  energy  over  the  different  modes  is  in  equilibrium 
for  the  symmetric  SFg,  the  other  (not  symmetric)  molecules 
show  a  distinct  nonequilibrium  distribution. 
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Raman  spectroscopy  of  infrared  multiphoton  excited 
molecules 


Jyhpyng  Wang,  Kuei-Hsien  Chen  and  Eric  Mazur 
Division  of  Applied  Sciences  and  Department  of  Physics 
Harvard  University,  Cambridge,  MA  02138,  USA 

This  paper  presents  an  overview  of  data  obtained  on  the  intramolecular  vibrational 
energy  distribution  in  infrared  multiphoton  excited  CF2HCI,  CF2CI2,  SFg  and 
CH3CHF2.  All  but  CF2HCI  show  collisionless  changes  in  the  intensity  of  the 
spontaneous  Raman  signals  after  excitation,  indicating  that  the  excitation  alters 
the  population  in  the  Raman  active  modes.  A  comparison  of  the  spectrally 
integrated  intensities  of  the  Raman  signals  yields  information  on  the  distribution 
of  vibrational  energy  over  the  modes  of  the  molecule.  The  results  for  CF2CI2 
show  a  nonthermal  distribution  of  energy  after  the  excitation. 


1.  Introduction 

Most  polyatomic  molecules  with  a  strong  vibrational  absorption  band 
can  absorb  many  (10  to  40)  infrared  photons  when  irradiated  with  an 
intense  resonant  infrared  laser  pulse.  At  high  excitation  many  dissociate 
without  interacting  with  other  molecules.  The  early  work  in  this  field  was 
motivated  by  the  hope  of  driving  chemical  reactions  in  either  a  bond-specific 
or  isotopically  selective  fashion.1  This  could  be  achieved  if  some  of  the 
initial  energy  deposition  were  ‘localized’  in  a  small  subset  of  modes.  In  the 
past  decade  much  work2-7  has  been  directed  toward  gaining  a  better 
understanding  of  the  infrared  multiphoton  excitation  and  dissociation  of 
polyatomic  molecules  and  the  intramolecular  dynamics  of  highly  vibra- 
tionally  excited  molecules  in  general. 

Many  experimental  techniques  have  been  applied  to  study  infrared 
multiphoton  excitation.  Photoacoustic  measurements  were  applied  to  deter- 
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Fig.  1.  Spontaneous  Raman  spectroscopy  of  infrared  multiphoton  excited 
molecules.  Molecules  that  remain  in  the  lower  vibrational  states  (cold 
molecules)  show  only  Stokes  scattering  (1),  while  the  highly  excited  ones  (hot 
molecules)  show  both  a  shifted  Stokes  (2)  and  an  anti-Stokes  signal  (3). 

mine  the  energy  absorbed  by  the  molecules,8  and  to  study  the  excitation  as  a 
function  of  various  parameters,  such  as  pumping  fluence,  intensity,  and 
wavelength,  pressure,  etc.  Photoacoustic  spectroscopy  was  also  used  at 
high  intensities  to  study  dissociation  yields  as  a  function  of  absorbed 
energy.  More  detailed  information  on  infrared  multiphoton  dissociation, 
such  as  the  species  of  the  dissociation  fragments,  branching  ratios  of 
different  dissociation  channels,  and  the  translational  energy  distribution  of 
the  fragments,  was  obtained  by  mass  and  time-of-flight  spectrometry.9 
Pump-and-probe  experiments  have  also  provided  more  detailed  knowledge 
of  the  infrared  multiphoton  excitation  and  dissociation.  For  example,  laser 
induced  fluorescence1®’11  was  u„ed  to  measure  the  vibrational  energy  dis¬ 
tribution  of  the  infrared  multiphoton  dissociation  fragments.  Infrared 
double-resonance  experiments12-14  were  done  to  determine  the  rotational 
relaxation  rate  and  the  population  depletion  of  the  vibrational  ground  state. 
Spontaneous  and  coherent  anti-Stokes  Raman  scattering  were  used  to  probe 
the  distribution  of  vibrational  energy  over  the  different  modes  of  infrared 
multiphoton  excited  molecules.15-21 
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In  this  paper  we  report  on  results  obtained  by  time-resolved 
spontaneous  Raman  spectroscopy.  The  principle  of  the  experiments,  which 
were  pioneered  in  the  Soviet  Union,15-20  is  illustrated  in  Fig.  1.  First,  the 
molecules  are  pumped  into  the  high  vibrational  excitation  region  by  a  short, 
intense  CO2  laser  pulse  resonant  with  a  vibrational  mode.  Then  the  Raman 
signals  from  the  different  Raman  active  modes  accessible  to  the  apparatus 
are  measured  with  a  second,  ultraviolet  laser  pulse.  While  unexcited 
molecules  show  only  a  Stokes  signal  (Fig.  1,1),  highly  excited  ones  show 
both  a  shifted  Stokes  signal  (Fig.  1,  2)  as  well  as  an  anti-Stokes  (Fig.  1,  3) 
signal.  Since  the  total,  spectrally  integrated  signal  from  a  Raman  active 
mode  is  a  measure  of  the  amount  of  energy  in  the  mode  (see  discussion), 
the  intramolecular  vibrational  energy  distribution  after  the  excitation  can  be 
determined  by  comparing  the  Raman  signals  from  different  modes.  Time- 
resolved  information  is  obtained  by  varying  the  time  delay  between  pump 
and  probe. 

2.  Experimental 

The  experimental  procedure  is  described  in  detail  in  previous  publica¬ 
tions.22’23  Briefly,  molecules  contained  within  a  low  pressure  gas  cell  are 
excited  by  an  infrared  laser  pulse  and  probed  by  an  ultraviolet  laser  pulse. 
To  isolate  intramolecular  from  (collisional)  intermolecular  effects,  the 
signals  are  measured  at  pressures  low  enough  to  ensure  that  no  significant 
collisional  relaxation  of  vibrational  energy  occurs  on  the  time  scale  of  the 
experiment. 

A  schematic  view  of  the  setup  is  shown  in  Fig.  2.  The  infrared 
radiation  is  generated  by  a  high  power  short-pulse  tunable  CO2  laser  with 
0.5  to  15  ns  pulse  duration  and  a  maximum  energy  of  200  mJ.  A  20  ns 
frequency-doubled  ruby  laser  pulse  of  3  mJ  serves  as  Raman  probe.  The 
infrared  exciting  beam  and  an  ultraviolet  probing  beam  are  focused  inside 
the  scattering  cell23  where  they  cross  at  right  angles.  The  spontaneous 
Raman  signals  from  the  interaction  region  are  detected  perpendicular  to  the 
incident  beams  with  a  double  monochromator  and  a  high  gain  fast  photo¬ 
multiplier  tube.  The  spectral  resolution  is  1.5  nm,  which  is  high  enough  to 
resolve  the  different  Raman  active  modes,  and  low  enough  to  integrate  the 
signals  over  the  states  within  one  mode.  A  complete  description  of  the 
experimental  setup  can  be  found  in  previous  papers.22-23 

Time  resolution  is  obtained  by  varying  the  time  delay  between  pump  and 
probe.  The  synchronization  of  lasers,  which  is  controlled  electronically,  is 
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Fig.  2.  Experimental  setup.  BS  =  beam  splitter,  SHG  =  second  harmonic 
generator,  HBS  =  harmonic  beam  splitter,  A/2  =  half-wave  plate,  FND  =  fast 
photodiode,  PT  =  phototube,  PI,  P2  =  pyroelectric  detector,  M  =  mirror,  DM  = 
dichroic  mirror,  L  =  quartz  lens,  S  =  shutter,  PMT  =  photomultiplier  tube. 

limited  by  the  100  ns  trigger  jitter  of  the  lasers.  To  obtain  time-resolved 
data  on  a  shorter  time  scale,  the  actual  time  delay  between  infrared  and 
ultraviolet  pulses  is  measured  for  each  pair  of  laser  pulses  with  two  fast 
detectors  and  a  time-to-pulse-height  converter.  The  time  resolution  of  the 
setup  is  thus  determined  by  the  duration  of  the  laser  pulses. 

At  high  pumping  intensity  a  fraction  of  the  molecules  dissociates,  and 
the  probe  laser  can  induce  a  fluorescence  from  the  dissociation  fragments. 
This  laser  induced  fluorescence  is  much  more  intense  than  the  spontaneous 
Raman  scattering.  One  can  discriminate  between  fluorescence  and  Raman 
scattering  either  spectrally  or  temporally.  The  fluorescence  generally  has  a 
broad  continuous  spectrum  and  a  long  decay,  while  the  spectrally  discrete 
Raman  signals  coincide  with  the  20  ns  probe  pulse.  Since  the  present 
measurements  are  carried  out  with  the  monochromator  at  fixed  wavelengths, 
only  temporal  discrimination  can  be  applied.  The  coincidence  of  the  Raman 
signals  with  the  probe  pulse  is  therefore  monitored  throughout  the 
experiment  to  ensure  that  no  fluorescence  contributes  to  the  observed 
signals.  In  addition,  the  infrared  and  ultraviolet  laser  energy,  the  time  delay 
between  pump  and  probe,  and  the  signal  intensity  are  recorded  for  each 
laser  pulse. 
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Owing  to  the  small  Raman  cross  sections  and  the  low  sample  pressure 
required  to  satisfy  collisionless  conditions,  the  signals  are  in  the  single 
photon  regime.  Consequently,  a  large  amount  of  data  has  to  be  collected 
and  averaged  to  obtain  a  satisfactory  signal-to-noise  ratio.  A  microcomputer 
collects  the  data,  sorts  out  the  data  points  according  to  infrared  pump 
intensity  and  time  delay  between  pump  and  probe  and  averages  the  data. 


3.  Results 

Experiments  were  done  at  room  temperature  on  SFg,  CF2HCI,  CF2CI2 
and  CH3CHF2  at  pressures  ranging  from  33  Pa  to  400  Pa.  All  gases  were 
obtained  commercially  and  have  a  reported  purity  better  than  99.99%. 
Relevant  spectroscopic  data  are  given  in  Table  I. 

CF2CI2.  The  infrared  active  vg-mode  of  CF2CI2,  which  has  been  assigned 
to  the  CCI2  asymmetric  stretch,  was  pumped  with  15  ns  full-width  at  half¬ 
maximum  pulses  from  the  P(32)  line  of  the  10.6/im  CO2  laser  branch.  The 
15  ns  truncated  pulses  have  a  10-90%  rise  time  of  10  ns  and  a  short  sub¬ 
nanosecond  fall  time.  Raman  signals  were  obtained  for  the  1098  cm-1  CF2 
symmetric  stretch  vj-mode  (Ai),  the  923 cm-1  CCI2  asymmetric  stretch  vg- 
mode  (B\),  and  the  667 cm-1  CCI2  symmetric  stretch  V2-mode  (Ai).  The 
signals  from  all  these  modes  change  after  infrared  multiphoton  excitation, 
allowing  one  to  compare  the  intensity  ratio  with  the  thermal  one.  Another 
interesting  feature  of  this  molecule  is  that  the  vg  pump  mode  is  both  infrared 
and  Raman  active,  allowing  a  direct  view  of  the  excitation  in  the  pump 
mode. 

SF6.  Results  on  this  molecule,  which  are  presented  here  for  comparison, 
were  published  previously.22  The  data  were  obtained  at  CO2  laser  frequen¬ 
cies  between  the  P(12)  and  P(28)  lines  of  the  10.6  fim  CO2  laser  branch, 
which  are  resonant  with  the  tnply  degenerate  infrared  active  V3-mode  (F\u) 
of  SF§.  Two  different  pulse  durations  were  employed:  short  0.5  ns  and 
truncated  15  ns  pulses  with  fluences  up  to  7  x  104J/m2.  The  Raman 
signals  were  obtained  at  a  shift  of  775  cm-1  from  the  frequency-doubled 
ruby  laser,  corresponding  to  the  totally  symmetric  breathing  mode  Vj-mode 
(Aig)  of  SF6- 

CF2HCI.  The  peak  absorption  of  this  molecule  coincides  with  the  9.4  fj.m 
R(32)  CO2  laser  line  at  1086  cm-1.  Although  five  Raman  active  modes  of 
CF2HCI  are  accessible  to  our  apparatus,  none  of  them  shows  any  change 
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Molecule  CO2  line 

Wavenumber  Mode 

Activity 

Remarks 

ft 

SF625 

< 

II 

-J 

-J 

U\ 

R(s) 

changes 

V2  =  644 

R(w) 

not  probed 

10.6/tm  P(20) 

944 

V3  =  965 

IR 

pumped 

A 

v4  =  617 

IR 

«s 

V5  =  524 

R(w) 

not  probed 

* 

v6  =  363 

inactive 

CF2Cl226’27 

vi  =  1101 

IR(s) 

$ 

vi  =  1098 

R  (m) 

changes 

r  A 

V2  =  667 

IR  (s) 

V2  =  667.2 

R(s) 

changes 

V3  =  457.5 

R(s) 

not  probed 

f: 

v4=  261.5 

R(s) 

not  probed 

vs  =  322 

R  (w) 

not  probed 

£ 

v6=  1159 

IR(s) 

M 

v6=  1167 

R(w) 

not  probed 

V7  =  446 

IR  (w) 

not  probed 

10.6/rmP(32) 

933 

vs  =  922 

IR  (vs) 

pumped 

vg  =  923 

R(w) 

changes 

V9  =  437 

IR  (w) 

? 

V9  =  433 

R(m) 

not  probed 

<  — 

CH3CHF2 

870 

R 

changes 

Vv; 

10.6  jzm  P(20) 

944 

IR 

pumped 

V 

1140 

R 

no  change 

1460 

R 

no  change 

2980 

R 

no  change 

V 

CF2HC1 

590 

R 

no  change 

800 

R 

no  change 

*•/ 

9.4/tm  R(32) 

1086 

IR 

pumped 

1130 

R 

no  change 

1330 

R 

no  change 

3030 

R 

no  change 

Table  I.  Spectroscopic  data  for  the  molecules  studied  in  this  paper.  The 
vibrational  data  for  SFg  and  CF2CI2  are  from  literature.  All  data  are  in  cm-1 , 
vs  =  very  strong,  s  =  strong,  m  =  medium,  and  w  =  weak. 
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after  infrared  multiphoton  excitation  with  0.5  ns  pulses,  even  at  fluences  up 
to  2xl04J/m2,  when  the  average  number  of  photons  absorbed  per 
molecule  is  reported  to  be  about  ten.24 

CH3CHF2.  The  largest  of  the  molecules  studied,  CH3CHF2,  has  four 
accessible  Raman  active  modes.  Only  one  of  these  modes,  at  870  cm-1, 
shows  a  small  anti-Stokes  signal  after  infrared  multiphoton  excitation.  The 
molecules  were  pumped  with  0.5  ns  pulses  at  the  P(20)  line  of  the  10.6/rm 
branch. 

Some  of  the  experimental  results  are  shown  in  Figs.  3  through  13  and 
listed  in  Tables  I,  II  and  III.  The  results  are  arranged  so  as  to  emphasize  the 
similarities  and  the  differences  in  behavior  between  the  molecules.  The 
points  shown  in  each  of  the  figures  are  obtained  by  dividing  the  x-axis  into 
a  number  of  intervals  (usually  10  to  20),  and  averaging  the  data  that  lie 
within  each  of  the  intervals.  Since  the  signal  fluctuations  in  the  single 
photon  regime  are  large  and  since  the  error  bars  are  inversely  proportional  to 
the  square  root  of  the  number  of  points,  the  average  is  taken  over  a  large 
number  of  data  points.  The  low  repetition  rate  of  0.3  Hz  and  the  stability  of 
the  alignment,  however,  limit  the  total  number  of  pulses  for  a  single  experi¬ 
mental  run  to  104.  This  means  that  there  is  a  trade-off  between  the  number 
of  points  in  each  figure  and  the  length  of  the  error  bars.  In  all  measure¬ 
ments  presented  here  the  error  bars  are  about  10%  of  the  absolute  value  of 
the  data  points  for  SF6  and,  because  of  the  smaller  Raman  cross-sections, 
20%  for  CF2C12  and  CH3CHF2. 

The  Raman  spectra  of  infrared  multiphoton  excited  SFg  and  CF2CI2  at  a 
pressure  of  400  Pa  are  shown  in  Figs.  3  and  4.  The  large  central  peak  in 
the  spectrum  corresponds  to  Rayleigh  scattering  at  the  probe  laser  wave¬ 
length.  The  single  Raman  peak  at  each  side  of  the  Rayleigh  peak  in  Fig.  3 
corresponds  to  the  Vi-mode  of  SF6.  At  room  temperature  without  infrared 
excitation  only  Stokes  signals  are  observable  (open  circles).  If  the 
molecules  are  excited  before  the  Raman  probing  (closed  circles)  anti-Stokes 
signals  appear  in  the  spectrum.  Of  the  nine  vibrational  modes  of  CF2CI2, 
three,  at  667  cm-1,  923  cm-1  and  1098  cm-1  respectively,  are  visible  in 
the  (low  pressure,  low  resolution)  spectrum  in  Fig.  4.  Since  the  V3  mode  at 
923  cm-1  is  both  Raman  and  infrared  active,  CF2CI2  allows  direct  moni¬ 
toring  of  the  pumped  mode.  Within  the  spectral  resolution,  the  Raman 
shifts  of  the  anti-Stokes  signals  that  appear  after  excitation  correspond  to  the 
ones  reported  in  the  literature.  Note  that  for  each  of  the  detectable  Raman 
peaks  a  corresponding  anti-Stokes  peak  appears  after  excitation,  both  at  an 
energy  smaller  than  the  excitation  energy  (667  cm-1)  and  also  at  higher  en- 
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330  A  340  350  nm  360 


Fig.  3.  Raman  spectrum  of  SFg,  with  (closed  circles)  and  without  (open  circles) 
infrared  multiphoton  excitation.  Infrared  excitation:  10.6  jan  P(20)  line,  0.5  ns 
pulse  duration,  and  average  fluence  0.6x  104  J/nA  The  small  arrow  marks  the 
position  of  the  probe  laser  radiation  at  347.15  nm. 
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Fig.  4.  Raman  spectrum  of  CF2CI2,  with  (closed  circles)  and  without  (open 
circles)  infrared  multiphoton  excitation.  Infrared  excitation  with  15  ns  pulses  at 
the  10.6  nm  P(32)  line.  The  arrows  mark  the  position  of  the  probe  laser  and 
the  infrared  pump  mode. 
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Fig.  5.  Anti-Stokes  signal  of  the  870  cm-1  mode  of  infrared  multiphoton 
excited  CH3CHF2  at  various  fluences.  Infrared  excitation:  10.6  /im  P(20)  line, 
0.5  ns  pulse  duration.  At  high  fluencc  laser  induced  fluorescence  from  the 
dissociation  fragments  replaces  the  Raman  signal. 
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Fig.  6.  Anti-Stokes  signal  of  SFg  for  excitations  at  different  C02-lines.  Data 
for  two  different  pulse  durations  at  an  average  fluence  of  104  J/m2  are  shown: 
0.5  ns  (open  circles)  and  15  ns  (closed  circles).  The  curve  shows  the  one 
photon  absorption  cross  section. 
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ergy  (1098  cm-1).  At  fluences  above  3x  104  J/m2  a  broadband  laser  in¬ 
duced  fluorescence  gradually  replaces  the  Raman  spectrum.  This  fluores¬ 
cence  is  induced  by  the  probe  laser  in  the  fragments  of  infrared  multiphoton 
dissociated  molecules. 

Figure  5  shows  the  anti-Stokes  signal  of  the  870  cm-1  mode  of 
CH3CHF2  for  different  fluences.  As  the  fluence  is  increased,  the  anti- 
Stokes  peak  is  gradually  replaced  by  a  broadband  laser  induced  fluorescence 
just  as  for  CF2CI2. 

Figure  6  shows  the  anti-Stokes  signal  of  SFg  for  excitation  at  different 
C02*lines.  Each  point  shown  represents  a  separate  experimental  run  in 
which  the  anti-Stokes  signal  of  infrared  multiphoton  excited  SFg  was 
measured  for  a  particular  C02-line.  This  graph  shows  the  intensity  of  the 
anti-Stokes  signal  at  a  fluence  of  104  J/m2  for  each  of  the  C02-lines.  As  a 
reference  the  low  signal  absorption  cross-section  for  SFg  is  also  plotted. 
Apart  from  a  red  shift  of  about  3  cm-1  from  the  center  of  the  one  photon 
absorption  band,  the  absorption  spectrum  is  not  much  different  from  the  one 
at  low  excitation. 

Figure  7  shows  the  time  dependence  of  the  Raman  signal  intensities  for 
SF6  at  400  Pa  for  two  infrared  pulse  durations,  0.5  ns  and  15  ns.  The 
vertical  axis  shows  the  relative  intensity,  /rei,  obtained  by  normalizing  the 
anti-Stokes  signal  after  excitation  with  the  room  temperature  equilibrium 
Stokes  signal.  The  horizontal  axis  shows  the  time  delay  between  pump  and 
probe  pulses.  For  negative  time  delay  the  molecules  are  probed  before  the 
infrared  multiphoton  excitation  (i.e.  at  room  temperature  equilibrium)  and 
only  a  Stokes  signal,  which  serves  as  calibration  for  the  intensity  scale,  is 
detectable.  The  rise  time  of  the  signals  reflects  the  30  ns  instrumental  time 
resolution,  which  in  turn  is  determined  by  the  temporal  width  of  the  laser 
pulses.  Within  the  30  ns  time  resolution  a  collisionless  (see  discussion) 
increase  of  both  Stokes  and  anti-Stokes  signals  is  observed.  The  signal 
remains  constant  up  to  800  ns  after  the  infrared  excitation.  The  signals 
revert  to  their  original  values  only  after  a  much  longer  time  (10  ^s)  because 
of  a  combination  of  collisional  relaxation  and  diffusion  of  the  excited 
molecules  out  of  the  excitation  region.22 

A  different  behavior  is  observed  for  the  other  two  molecules  that  exhibit 
changes  in  Raman  spectrum.  Figure  8  shows  the  time  dependence  of  the 
three  accessible  Raman  active  modes  of  CF2CI2  for  infrared  excitation  with 
15  ns  pulses.  Each  of  the  anti-Stokes  signals  is  normalized  with  its  corre¬ 
sponding  Stokes  signal  at  room  temperature.  Just  as  for  SF6,  anti-Stokes 
signals  appear  for  all  three  modes  after  excitation  at  t  =  0,  but  the  signals 
decay  much  more  rapidly,  and  although  the  time  dependences  are  similar  for 
the  various  modes,  the  maximum  relative  intensities  differ.  As  can  be  seen 
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Fig.  7.  Intensity  of  Stokes  (closed  symbols)  and  anti-Stokes  (open  symbols) 
signal  as  a  function  of  the  time  delay  between  pump  and  probe  pulses  at  a 
pressure  of  67  Pa  for  SF6.  Infrared  excitation  with  0.5  ns  (squares)  and  15  ns 
(circles)  pulses  at  the  10.6  fan  P(20)  line.  Average  fluence:  0.8  x  104  J/m^. 


Fig.  8.  Intensity  of  the  anti-Stokes  signals  as  a  function  of  the  time  delay 
between  pump  and  probe  pulse  for  CF2CI2  at  400  Pa.  Infrared  excitation:  10.6 
jim  P(32)  line,  15  ns  pulse  with  average  fluence  1.8  x  104  J/m^. 
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Fig.  9.  Intensity  of  the  anti-Stokes  signals  as  a  function  of  the  time  delay 
between  pump  and  probe  pulse  for  CH3CHF2  at  660  Pa.  Infrared  excitation: 
10.6  jjm  P(20)  line,  0.5  ns  pulse  with  average  fluence  1.5  x  104  J/m2. 


Fig.  10.  Relative  anti-Stokes  signal  of  SFs  as  a  function  of  the  infrared 
pumping  fluence  for  various  pressures.  Excitation  at  the  10.6  jim  P(20)  line 
with  two  pulse  durations:  0.5  ns  (open  symbols)  and  15  ns  (closed  symbols). 

□  :  33  Pa;  o:  67  Pa;  A:  133  Pa;  V:  200  Pa;  O:  267  Pa;  •  :  133  Pa 
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Fig.  9.  Intensity  of  the  anti-Stokes  signals  as  a  function  of  the  time  delay 
between  pump  and  probe  pulse  for  CH3CHF2  at  660  Pa.  Infrared  excitation: 
10.6  fim  P(20)  line,  0.5  ns  pulse  with  average  fluence  1.5  x  104  J/m2. 


Fig.  10.  Relative  anti-Stokes  signal  of  SFg  as  a  function  of  the  infrared 
pumping  fluence  for  various  pressures.  Excitation  at  the  10.6  /im  P(20)  line 
with  two  pulse  durations:  0.5  ns  (open  symbols)  and  15  ns  (closed  symbols), 
a  :  33  Pa;  o:  67  Pa;  A:  133  Pa;  V-  200  Pa;  O:  267  Pa;  •  :  133  Pa 
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in  Fig.  9,  a  similar  behavior  is  observed  for  CH3CHF2.  Note  that  for  this 
molecule  the  change  in  IK\  is  ten  times  smaller  than  the  one  for  the  other  two 
molecules. 

The  dependence  of  the  normalized  anti-Stokes  signals  on  the  infrared 
pumping  fluence  is  shown  in  Figs.  10  and  11.  The  results  for  SF6,  shown 
in  Fig.  10,  were  obtained  in  different  measurements,  each  one  calibrated 
individually,  at  different  pressures  and  pulse  durations.  The  spread  in  data 
therefore  shows  the  absolute  accuracy  and  the  reproducibility  of  the  exper¬ 
imental  data.  As  can  be  seen  the  dependence  is  nearly  linear,  except  for 
some  saturation  effects  at  high  fluence  for  the  shorter  (more  intense)  pulses. 
Also,  the  normalized  anti-Stokes  signals  are  independent  of  the  sample  gas 
pressure,  as  one  would  expect  for  collisionless  effects. 

Again,  the  results  for  CF2CI2  and  CH3CHF2  show  a  different  behavior. 
Figure  11  shows  the  fluence  dependence  of  the  anti-Stokes  signals  for 
CF2CI2.  The  data  were  obtained  in  a  single  measurement  by  changing  the 
monochromator  wavelength  every  two  thousand  laser  shots  (corresponds  to 
about  two  hours  in  time)  and  averaging  the  data  in  the  0  to  500  ns  range.  In 
contrast  to  the  linear  fluence  dependence  of  SFg,  all  three  modes  have  an 
exponential  fluence  dependence.  The  graph  also  shows  clearly  that  the  rate 
of  increase  is  drastically  different  for  the  three  modes.  A  similar  exponential 
fluence  dependence  was  observed  for  CH3CHF2. 

The  normalized  anti-Stokes  signals  of  CF2CI2  were  also  studied  in  the 
presence  of  N2  buffer  gas.  Figure  12  shows  the  intensity  ratio  of  the  anti- 
Stokes  signals  with  and  without  buffer  gas.  Each  of  the  anti-Stokes  signals 
rapidly  decreases  with  increasing  buffer  gas  pressure,  while  at  the  same 
time  the  differences  between  them  become  smaller.  No  data  are  available 
for  the  anti-Stokes  signal  at  923  cm-1  at  26  kPa  buffer  gas  pressure.  Since 
the  Raman  cross-section  of  the  923  cm-1  Raman  transition  is  much  smaller 
than  that  of  the  other  two  modes,  this  peak  falls  below  the  noise  level  at 
high  buffer  gas  pressure. 

Figure  13  shows  the  spectrum  of  the  laser  induced  fluorescence  from 
the  infrared  multiphoton  dissociated  CF2CI2  at  three  different  fluences 
ranging  from  4  to  6x  104  J/m2.  The  fluorescence  signal  was  recorded  in 
lOnm  increments  from  290  nm  to  340  nm.  Although  the  intensity  increases 
with  increasing  fluence,  the  spectral  shape  of  the  broadband  emission  does 
not  change.  In  addition  it  should  be  noted  that  the  fluorescence  extends  into 
the  blue  side  of  the  incident  laser  field  at  347.15  nm.  The  cut-off  wave¬ 
length  of  the  fluorescence  is  about  290  nm,  which  means  that  the  dissocia¬ 
tion  fragments  carry  as  much  as  5000  cm-1,  or  about  5  infrared  photons,  of 
internal  energy. 
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Fig.  13.  Laser  induced  fluorescence  spectrum  from  the  dissociation  fragments  of 
CF2CI2.  Note  that  only  the  intensity  of  the  fluorescence  increases  with 
increasing  fluence;  the  spectral  shape  does  not  change. 


4.  Discussion 


The  results  in  the  previous  sections  show  that  infrared  multiphoton 
excitation  induces  significant  changes  in  the  Raman  signal  intensities  of  the 
molecules.  In  this  section  we  will  analyze  these  changes  and  interpret  the 
results  in  terms  of  a  simple  picture.  This  will  allow  us  to  obtain  information 
on  the  distribution  of  energy  among  the  various  modes  of  the  multiphoton 
excited  molecules. 

In  the  approximation  that  the  vibrational  mode  is  harmonic  it  can  readily 
be  shown  that  the  transition  probabilities  W  of  the  Raman  transitions  depend 
on  the  vibrational  quantum  number  n.  For  Stokes  and  anti-Stokes  transi¬ 
tions,  respectively,  one  has22 


W 

n—*n+l 


~  «+l,  and  W 

n— »n-l 


rt. 


(i) 


The  total  intensity  of  the  spontaneous  Stokes  and  anti-Stokes  Raman  sig¬ 
nals  (summed  over  all  vibrational  levels  of  the  vibrational  mode  consid¬ 
ered),  1$  and  /as  respectively,  are  given  by 
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h  ~  X  P(n)  Wn^>n+ 1  ~  1  +  X  n  • 


4s  ~  X  **(«)  wn^n_i  ~  X  £(«)  «  . 


with  P(n)  the  population  of  level  «.  Substituting  the  average  energy  in  the 
mode  per  molecule,  £r  =  hv r  £ P{n)n ,  with  vr  the  frequency  of  the 

Raman  active  mode,  one  finds 

7S  ~  1  +  fR-  ,  (3) 

hVR 


/•.c  ~  ■ 


Note  that  the  result  obtained  does  not  depend  on  the  energy  distribution 
P(n),  but  only  on  the  average  energy  £r. 

The  proportionality  constant  between  the  intensities  Is  and  7fls,  and 
energy  Er,  is  related  to  the  Raman  scattering  cross-section  and  is  mode 
dependent.  To  eliminate  this  mode  dependent  quantity,  the  signals  are 
normalized  with  the  corresponding  Stokes  signal  at  room  temperature,  7$°, 


4el  — 


=  b~l  X  nP(n)  =  b-]  — , 


with  b=^  (n +\)PQ(n), 


where  P0(n)  is  the  population  distribution  at  room  temperature.  If  at  room 
temperature  Tzvr  »  kT,  then  the  Boltzmann  factor  e~hv/kT  is  small,  and 
b  =  1.  Under  these  circumstances  the  relative  intensity  of  each  mode  is  a 
direct  measure  of  the  average  number  of  vibrational  quanta,  (  n  )  =  £r//ivr, 
in  that  mode.  The  intensity  ratio  of  the  different  Raman  signals  will  there¬ 
fore  reflect  the  distribution  of  energy  among  the  modes. 

Questions  have  been  raised  about  the  influence  of  possible  Fermi 
resonances  on  the  interpretation  of  the  Raman  spectra  of  highly  vibrationally 
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Fig.  14.  The  effect  of  a  Fermi  resonance  on  the  molecular  energy  levels  and 
spectrum.  The  interaction  between  the  v,+vy  combination  and  the  v* 
fundamental  transitions  shifts  the  energy  levels  and  redistributes  the  spectral 
intensity.  The  bottom  spectrum  is  the  expected  one  without  Fermi  resonance, 
the  top  one  shows  the  actual  spectrum. 

excited  molecules.28  The  interaction  of  a  fundamental  with  an  overtone  or 
with  a  combination  mode  may  cause  Fermi  resonances  when  certain  sym¬ 
metry  requirements  are  satisfied.29  Basically,  if  the  frequency  of  an 
overtone  or  a  combination  mode  happens  to  lie  close  to  the  frequency  of  a 
fundamental  mode,  and  if  the  interaction  between  the  two  is  strong  enough, 
the  nature  of  the  two  processes  mix  and  the  energy  levels  are  displaced.  As 
a  result  the  vibrational  spectrum  can  be  misinterpreted.  One  well  known 
example  is  the  mixing  of  the  1300  cm-1  vibrational  mode  and  the  overtone 
of  the  667  cm-1  vibrational  mode  of  CO2,  which  causes  two  peaks,  instead 
of  one  single  peak,  to  appear  in  the  Raman  spectrum  of  CO2  around 
1300  cm-1.  Since  this  problem  is  related  to  the  interpretation  of  the  anti- 
Stokes  signals  of  highly  excited  molecules  in  our  experiment,  the  possible 
effect  of  Fermi  resonances  on  our  experimental  data  must  be  examined. 

Let  us  consider  an  anti-Stokes  transition  in  the  Mi  vibrational  mode  of  a 
certain  molecule.  For  simplicity  we  assume  that  the  initial  state  y/k  corre¬ 
sponds  to  the  first  excited  state  of  the  Mi  vibrational  mode,  and  that  the  final 
state  of  the  Raman  transition  is  the  ground  state  y/0.  We  further  assume  that 
the  frequency  v fc  of  this  Raman  active  vibrational  mode  lies  close  to  the  sum 
of  the  frequencies  of  two  other  fundamental  modes,  v,  +  vy,  where  i,j 
represent  the  ith  and  y'th  vibrational  modes  respectively  (see  Fig.  14).  In 
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addition  we  assume  that  the  interaction  matrix  element  between  the  doubly 
excited  combination  state  v/ij  and  Vk 

Wij,k=  JVy*  W  Wfcd3*  ,  (7) 

with  W  the  interaction  operator,  is  nonzero.  The  actual  energy  levels 
E’-hv',  with  v'=  v'ij,  v'/c,  of  these  interacting  states  will  then  be 
determined  by  the  secular  equation 

0 Vi+VjY-V '  Wijtk 
Wij,k  vk-V 

The  wavefunctions  of  the  interacting  states  will  be  superpositions  of  the 
original  wavefunctions, 

V’ij  ~aVk  +bVij  (9) 

V'k  ~  cVk  +  dVij .  (10) 

where  the  transformation  matrix  with  coefficients  a,  b,  c  and  d  is  unitary. 
These  two  equations  show  the  effect  of  Fermi  resonances  on  the  intensities 
of  the  two  transitions:  the  peak  corresponding  to  the  inherently  weak  com¬ 
bination  mode  Vij  grows  considerably  because  it  ‘borrows’  intensity  from 
the  wavefunction  of  the  fundamental  mode  Vb  while  at  the  same  time  the 
intensity  of  the  fundamental  is  reduced.  Clearly,  in  high  resolution  spec¬ 
troscopy  the  displacement  of  the  line  positions  and  the  redistribution  of  line 
intensities  between  interacting  combination  and  fundamental  modes  can  be 
misleading. 

In  the  present  experiment,  however,  the  situation  is  quite  different.  To 
accommodate  the  change  in  level  spacing  due  to  the  anharmonicity  of  the 
vibrational  mode,  the  measurements  are  done  at  low  spectral  resolution. 
Thus  all  Raman  photons  scattered  from  different  excitation  levels  will  be 
collected  and  integrated.  If  the  displacements  due  to  Fermi  resonances  are 
smaller  than  the  resolution  of  the  monochromator  (1.5  nm)  this  means  that 
one  measures  the  spectrally  integrated  signal, 

Kv'ij  1%  +  \Vo)  I2  +  Wk  I %j  +  'Rk  \Vo)  I2  = 
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I  a*(Vk  I \Vo)  +  b*(Wj  1%  \Wo)  P  +  \c*(Wk  1^  Iv'o)  +  f(Wij  1%'  \Vo)  P  = 
K Wk  \%k  \vo)  P  +  K Yij  1%  Wo)  P  -  l< Vk  \%k  Wo)  P.  (ii) 

with  %ij  and  !Rjc  the  combination  mode  and  Raman  scattering  operators, 
respectively,  and  where  we  have  used  the  unitary  properties  of  the  transfor¬ 
mation  matrix.  Equation  (11)  demonstrates  that  the  spectrally  integrated 
signal  is  identical  to  the  one  without  Fermi  resonance.  Therefore  the 
measured  signal  is  the  sum  of  the  ‘real’  Raman  signal  Ky/fc  |^t  |yr0)  p  plus  a 
much  smaller  quantity  |(y /y  | %ij  |y/0)  p,  whether  or  not  Fermi  resonances 
occur. 

In  addition  to  this  general  observation,  a  closer  look  at  the  available 
spectroscopic  data  for  SF6  and  CF2CI2  further  reveals  that  there  are  no 
Fermi  resonances  with  the  Raman  modes  studied  here.  The  only  candidate 
for  a  Fermi  resonance  with  the  775  cm'1  mode  of  SF6  is  the  overtone  of  the 
363  cm-1  vibrational  mode.  However  the  363  cm-1  vibrational  mode  is 
spectroscopically  inactive  because  of  its  Fiu  symmetry.  For  CF2CI2,  the 
only  reported  Fermi  resonance  is  due  to  the  combination  mode  V3+V9 
(882  cm-1),  which  is  infrared,  not  Raman  active. 

Summarizing  the  above  remarks,  we  may  conclude  that  Fermi  reso¬ 
nances  cannot  affect  our  experimental  data.  In  what  follows  the  observed 
anti-Stokes  signals  are  therefore  assumed  to  be  correctly  assigned  and  the 
intensity  is  used  as  a  measure  of  the  average  number  of  vibrational  quanta  in 
each  of  the  modes. 

Time  dependence.  The  signal  increase  in  Fig.  7  is  consistent  with  the 
result  obtained  in  Eq.  (3-4),  i.e.  for  each  pulse  duration  both  Stokes  and 
anti-Stokes  signal  increase  by  the  same  amount.  Surprisingly,  after  the 
initial  increase  the  signals  remain  constant,  even  on  a  time  scale  on  which 
collisional  vibrational  energy  relaxation  is  known  to  play  a  role.30  Clearly, 
collisions  do  not  affect  the  total  intensity  of  the  anti-Stokes  signal.  Since  the 
intensity  of  the  signal  is  determined  by  the  average  energy  in  the  mode 
only,  intermolecular  vibrational  energy  relaxation  will  not  affect  the  Raman 
signals  once  intramolecular  equilibrium  is  reached.  This  suggests  that 
intramolecular  equilibrium  is  reached  on  a  time  scale  shorter  than  the  time 
resolution. 

The  time  dependence  of  the  Raman  signals  for  CF2CI2  shown  in  Fig.  8 
is  quite  different.  The  signals  do  not  remain  constant  as  for  SF6,  especially 
for  the  two  highly  excited  modes  (923  cm-1  and  1098  cm-1).  This  decay  is 
most  likely  due  to  collisional  transfer  of  energy  to  other,  initially  ‘cold’, 
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vibrational  modes.  Because  of  the  limited  sensitivity  and  spectral  range, 
however,  this  cannot  be  verified  in  the  present  experimental  setup. 

Pressure  dependence.  Although  the  increase  in  Raman  signals  takes 
place  on  a  time  scale  small  compared  to  the  mean  free  time  of  the  sample 
molecules,  collisions  cannot  be  completely  eliminated.  To  verify  the  ab¬ 
sence  of  collisional  effects,  the  dependence  of  the  Raman  signal  on  sample 
gas  pressure  was  measured.  It  was  indeed  found  that  the  normalized 
Raman  signals  do  not  depend  on  pressure.22  This  can  also  be  seen  in 
Fig.  10  which  shows  that  the  normalized  anti-Stokes  signals  are  essentially 
independent  of  the  sample  gas  pressure.  This  confirms  that  collisions  play 
no  role  in  the  observed  increase  in  Raman  signal. 

Fluence  dependence.  The  intramolecular  vibrational  energy  distribu¬ 
tion  after  infrared  multiphoton  excitation  depends  on  the  excitation  region, 
which  in  turn  is  determined  by  the  infrared  pumping  intensity.  At  low 
fluence  the  energy  is  essentially  confined  to  the  pumping  mode,  just  as  in 
ordinary  one  photon  spectroscopy  (region  I).  In  this  case  the  energy  of 
other  modes  does  not  change  after  excitation,  and  the  Raman  signals  from 
these  modes  simply  reflect  the  thermal  population  of  these  modes.  At 
higher  fluences  the  molecule  may  absorb  many  infrared  photons.  In  this 
high  excitation  region  the  vibrational  modes  are  strongly  coupled,  and  the 
nonresonant  modes  also  acquire  energy  during  the  excitation  (region  II).  At 
even  higher  pumping  fluence,  dissociation  of  the  molecules  occurs  (region 
III).  Dissociation  fragments,  which  also  contain  information  on  the  intra¬ 
molecular  vibrational  energy  distribution,  have  been  studied  by  many 
groups.11-31-33  Except  for  the  fluorescence  spectrum  of  infrared  multi¬ 
photon  dissociated  CF2CI2  all  the  experiments  discussed  in  this  paper  were 
done  in  region  n. 

Figure  10  shows  the  infrared  fluence  dependence  of  infrared  multi¬ 
photon  excited  SFg  for  two  pulse  durations.  Larger  signals  are  obtained  for 
the  shorter  (higher  intensity)  pulses,  in  particular  in  the  low  fluence  region. 
At  low  excitation,  a  high  intensity  is  needed  to  overcome  the  anharmonic 
shifts,  while  in  the  high  excitation  region,  when  other  nonresonant  modes 
participate  in  the  excitation  process,  intensity  effects  become  less 
pronounced.  This  is  consistent  with  the  observation  of  a  ‘bottleneck  effect’ 
in  other  experiments.18 

In  contrast  to  the  nearly  linear  fluence  dependence  of  SF6,  CF2CI2 
shows  an  exponential  dependence.  As  shown  in  Fig.  1 1,  the  excitation  is  a 
steep  function  of  the  pumping  fluence.  Above  1  x  104  J/m2,  the  signals 
double  roughly  every  0.3  x  K^J/m2  increment.  Since  CF2CI2  is  smaller 
than  SFg,  fewer  vibrational  modes  are  available  and  one  expects  a  stronger 
bottleneck  effect  in  CF2CI2.  The  observed  slow  rise  of  the  signals  at  low 
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fluence,  which  is  in  sharp  contrast  with  the  linear  fluence  dependence  of 
SFg,  indeed  suggests  that  this  is  the  case.  Measurements  of  the  Raman 
signal  for  shorter  pulses  would  provide  a  better  understanding  of  the  role  of 
intensity  effects. 

Raman  intensities.  We  will  now  use  the  normalized  anti-Stokes  sig¬ 
nals  as  a  measure  of  the  average  number  of  quanta  in  the  Raman  active 
modes,  and  evaluate  the  distribution  of  energy  in  the  vibrational  modes. 
Clearly,  the  CF2CI2  results  provide  the  most  detailed  information,  since  the 
anti-Stokes  signals  of  three  Raman  active  modes  were  measured.  In 
equilibrium  the  intensities  of  the  normalized  signals  are  given  by 

/rel  =  ehvlkT  _i  ’ 

and  the  mode  with  lowest  frequency  will  have  the  largest  anti-Stokes  signal. 
The  results  in  Figs.  4,  8,  and  11,  which  are  tabulated  in  Table  II,  however, 
show  that  the  signal  intensities  after  infrared  multiphoton  excitation  cannot 
be  described  by  the  above  expression.  Especially  the  normalized  intensity 
of  the  pumped  vibrational  mode  at  923  cm-1  is  considerably  higher  than  the 
corresponding  intensities  of  the  other  two  modes:  at  all  fluences  most  of  the 
energy  remains  in  the  pumped  mode.  In  addition,  as  is  clear  from  Fig.  1 1 
the  rate  of  increase  is  different  for  the  three  modes.  From  this  figure  and  the 
data  in  Table  II,  it  appears  that  there  is  a  stronger  coupling  of  the  pump 
mode  with  the  1098  cm-1  mode  than  with  the  less  energetic  667  cm-1 
mode,  notably  at  the  high  fluence  end.  Note  also  that  although  the  inten¬ 
sities  of  the  anti-Stokes  signals  increase  significantly  between  1.5  and 
2.4  x  104  J/m2,  the  intensity  ratio  does  not  change  much.  This  rules  out 
the  possibility  that  the  observed  nonequilibrium  distribution  is  a  result  of 
averaging  a  ‘hot’  equilibrium  ensemble  and  a  ‘cold’  bottlenecked  ensemble, 
since  the  ratio  would  change  as  the  fraction  of  molecules  in  the  hot  ensemble 
becomes  larger  with  increasing  fluence.  Adding  up  the  energy  content  of  the 
three  modes  for  CF2CI2  from  Table  II,  it  appears  that  a  complete  random¬ 
ization  of  energy  only  occurs  above  10,000  cm-1  of  excitation. 

One  expects  collisions  to  relax  the  nonequilibrium  energy  distribution 
induced  by  the  infrared  multiphoton  excitation.  Even  though  the  decay 
times  of  the  anti-Stokes  signals  shown  in  Fig.  8  are  unequal,  it  is  not  possi¬ 
ble  to  draw  any  quantitative  conclusions  from  these  data  because  the  signals 
drop  below  the  noise  level  before  equilibrium  is  reached.  When  buffer  gas 
is  added,  the  collision  rate  increases  and  the  energy  distribution  should 
reach  equilibrium  more  quickly.  The  intensity  ratios  shown  in  Fig.  12 
indeed  tend  toward  equilibrium  with  increasing  buffer  gas  pressure. 
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F 

Ps2 

fret 

ratio 

£667 

£923 

£1098 

(104  J/m2)  (kPa) 

(cm-1) 

(cm-1) 

(cm-1) 

0 

- 

3.4  : 

1  : 

0.45 

28 

11 

6 

1.2 

0.21 

1 

0.23 

70 

480 

130 

1.5 

- 

0.15 

1 

0.41 

120 

1140 

560 

1.8 

- 

0.12 

1 

0.48 

180 

2160 

1240 

2.1 

- 

0.10 

1 

0.48 

280 

3800 

2190 

2.4 

- 

0.10 

1 

0.48 

440 

6300 

3620 

2.1 

13 

0.20: 

1  : 

:  1 

130 

920 

1100 

2.1 

26 

0.17  : 

:  — 

:  0.15 

110 

<450 

160 

TABLE  II.  Average  vibrational  energy  and  relative  intensity  ratio  for  three 
Raman  active  modes  at  667,  923  and  1098  cm-1  for  CH2CI2  after  infrared 
multiphoton  excitation.  The  top  line  gives  the  (calculated)  room  temperature 
equilibrium  values.  At  a  N2  buffer  gas  pressure  of  26kPa  the  anti-Stokes  signal 
of  the  923  cm-1  mode  drops  below  the  noise  level. 


At  a  buffer  gas  pressure  of  13kPa  the  relative  intensities  of  the  923  cm-1 
and  the  1098  cm-1  mode  become  nearly  identical.  At  26kPa,  equilibrium  is 
established  between  the  667  cm-1  and  the  1098  cm-1  modes.  At  this 
pressure,  however,  the  overall  signal  has  decreased  so  much  because  of 
vibration-translation  relaxation  that  the  anti-Stokes  signal  from  the  pump 
mode  becomes  too  small  to  be  detected. 

Since  SF6  has  only  one  Raman  active  mode,  it  is  not  possible  to  com¬ 
pare  the  energy  content  of  different  modes  as  for  CF2C12-  One  can 
nonetheless  obtain  qualitative  information  from  a  comparison  of  the  anti- 
Stokes  Raman  intensity  with  the  result  of  photoacoustic  experiments,  which 
measure  the  total  energy  absorbed  per  molecule.8  The  comparison  is  done 
as  follows.  First  the  energy  content  of  the  Raman  active  mode  is  deter¬ 
mined  from  the  magnitude  of  the  normalized  anti-Stokes  signals.  Next  the 
total  energy  content  of  all  the  modes  is  determined  assuming  all  vibrational 
modes  of  SF6  are  in  equilibrium.  As  can  be  seen  in  Fig.  15  and  Table  HI, 
the  results  thus  obtained  closely  match  the  values  obtained  from  photoa¬ 
coustic  measurements.  In  other  words,  the  Raman  signal  corresponds  to 
what  one  would  expect  after  equipartitioning  the  absorbed  energy  among  all 
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(104  J/m2) 
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(cm-1) 

0 

- 

28 

11 

6 

0.5 

1.1 

850 

13000 

15000 

1.0 

2.0 

1600 

23000 

23000 

2.0 

3.3 

2700 

39000 

39000 

4.0 

5.0 

3900 

57000 

57000 

7.0 

6.8 

5300 

78000 

78000 

0.5 

0.44 

340 

5000 

_ 

1.0 

0.9 

700 

10300 

- 

2.0 

1.8 

1400 

20600 

— 

4.0 

3.6 

2800 

41300 

- 

TABLE  III.  Relative  intensity  and  vibrational  energy  of  the  775  cm-1 
vibrational  mode  of  SF6  after  infrared  multiphoton  excitation  with  0.5  ns  (top) 
and  15  ns  (bottom)  pulses.  The  total  vibrational  energy  of  the  molecules, 
calculated  assuming  intramolecular  energy,  is  compared  with  the  result  obtained 
from  photoacoustic  measurement  (Epa)- 

vibrational  modes.  This  suggest  that  for  SFg  the  intramolecular  vibrational 
energy  distribution  after  collisionless  infrared  multiphoton  excitation  is  in 
equilibrium.  For  a  more  detailed  discussion  the  reader  is  referred  to  a  pre¬ 
viously  published  paper.22 

The  other  two  molecules  studied,  CF2CI2  and  CH3CHF2,  show  no  or 
almost  no  changes  in  Raman  spectrum,  even  though  they  absorb  a 
significant  amount  of  energy.  This  indicates  that  the  excitation  energy 
remains  mostly  in  the  modes  that  were  not  probed,  most  likely  in  the 
pumped  mode,  just  as  for  the  CF2CI2. 

Fluorescence.  As  can  be  seen  in  Fig.  13,  the  laser  induced  fluores¬ 
cence  from  the  dissociation  fragments  of  infrared  multiphoton  dissociated 
CF2CI2  extends  far  into  the  blue  side  of  the  Raman  probe.  This  indicates 
that  the  dissociation  fragments  carry  up  to  5000  cm-1  of  excitation  energy, 
corresponding  to  five  infrared  photons.  It  should  also  be  noted  that  the 
shape  of  the  spectrum  does  not  change  with  increasing  fluence.  This 
implies  that  an  increase  in  fluence  does  not  change  the  energy  distribution  of 
the  dissociation  fragments,  but  only  increases  the  number  of  dissociated 


•  _ 

sy 

•\V 

•V 

-\V 

Jt  4 


• 

(V/ 

% 

i 


>*y 

$ 


f ' 


24 


J.  WANG,  K.H.  CHEN  AND  E.  MAZUR 


Fig.  15.  Average  number  of  infrared  photons  absorbed  per  molecule  as  a 
function  of  infrared  fluence.  The  data  points  shown  were  obtained  from  the  ones 
shown  in  Fig.  10,  assuming  thermal  equilibrium  between  all  vibrational  modes 
immediately  after  the  infrared  multiphoton  excitation.  The  solid  lines  are  the 
average  number  of  infrared  photons  obtained  from  photoacoustic  measurements. 

molecules.  Therefore  the  unimolecular  dissociation  rate  of  infrared  multi¬ 
photon  excited  CF2CI2  must  be  much  smaller  than  the  excitation  rate. 

5.  Conclusion 

This  paper  presents  time-resolved  Raman  spectra  of  infrared  multi¬ 
photon  excited  molecules.  After  excitation,  collisionless  changes  in  signal 
intensities  are  observed  for  SFg,  CF2CI2  and  CH3CHF2.  Information  on 
the  intramolecular  distribution  of  energy  after  infrared  multiphoton  exci¬ 
tation  is  obtained  by  using  the  anti-Stokes  Raman  intensities  as  a  measure  of 
the  energy  content  of  the  Raman  active  vibrational  modes.  For  the 
molecules  studied  here,  both  equilibrium  and  nonequilibrium  energy 
distributions  were  observed.  Since  the  signals  are  averaged  over  the 
ensemble  of  all  molecules  in  the  interaction  volume,  whether  highly  excited 
or  not,  the  results  presented  here  are  a  convolution  of  the  behavior  at  high 
excitation  with  that  at  low  excitation.  Still,  for  CF2CI2  the  anti-Stokes 
intensity  ratio  does  not  change  as  the  fraction  of  highly  excited  molecules  is 
enlarged  by  increasing  the  pumping  fluence.  This  leads  to  the  conclusion 
that  even  at  high  excitation  the  intramolecular  vibrational  distribution  is  still 
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nonequilibrium,  with  an  excess  of  energy  in  the  pumped  mode.  It  should 
be  emphasized,  however,  that  these  conclusions  hold  for  molecules  in 
region  n,  and  not  for  dissociating  molecules  since  the  signal  from  those 
molecules  is  rejected.  Therefore  the  above  conclusions  do  not  contradict  the 
observation11  that  the  infrared  multiphoton  dissociation  of  molecules  is 
consistent  with  RRKM  theory.34 
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Highly  Nonthermal  Intramolecular  Energy  Distribution  in  Isolated 
Infrared  Multiphoton  Excited  CF2CI2  Molecules 
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When  a  polyatomic  molecule  with  a  strong  vibrational  absotption  band  is  irradiated  with  an  in¬ 
tense  resonant  infrared  laser  pulse  it  can  absorb  many  (10  to  40)  infrared  photons.1  If  some 
initial  energy  deposition  is  ‘localized’ — preferably  in  one  vibrational  mode  or  in  a  subset  of 
modes — it  may  become  possible  to  induce  ‘mode-selective’  reactions  by  infrared  multiphoton 
excitation.  The  intramolecular  dynamics  of  infrared  multiphoton  excited  molecules  has  been 
studied  by  a  variety  of  spectroscopic  techniques.2  One  of  these  techniques  is  spontaneous 
Raman  spectroscopy.  In  the  past  five  years  this  technique  has  been  successfully  applied  to 
monitor  the  vibrational  energy  in  infrared  multiphoton  excited  molecules.3'4 

In  this  work  we  present  experimental  results  of  recent  time-resolved  spontaneous  Ra¬ 
man  experiments  on  collisionless  infrared  multiphoton  excited  CF2CI2  molecules.  The  experi¬ 
ments  show  that  the  intramolecular  energy  distribution  is  highly  nonthermal,  and  that  a  large 
pan  of  the  vibrational  energy  remains  localized  in  the  pump  mode  for  a  period  of  time  long 
compared  to  the  mean  free  time  of  the  molecules. 

The  experimental  procedure  is  described  in  detail  in  previous  papers.5  Briefly,  a  15  ns 
CC>2-laser  pulse  excites  the  919  cnr1  band  of  the  CF2CI2  molecules.  After  a  short  time  delay  a 
second  20  ns  laser  pulse  from  a  frequency-doubled  ruby  laser  probes  the  excited  molecules. 
Raman  scattered  light  is  analyzed  with  a  double  monochromator  and  a  high-gain  photomultipli¬ 
er.  The  time  delay  between  the  two  laser  pulses  can  be  varied  from  10  ns  to  10  jus.  The  pre¬ 
sent  measurements  were  carried  out  at  a  pressure  of  400  Pa. 


Fig.  1  shows  the  anti-Stokes  spec¬ 
trum  of  the  multiphoton  excited  CF2CI2. 
Signals  from  three  Raman  active  modes,  at 
664,  919  and  1082  cm-1  are  visible.  The 
room  temperature  Stokes  side  of  the  Raman 
spectrum  is  shown  in  the  same  graph.  At 
room  temperature  the  intensity  of  the  anti- 
Stokes  peaks  is  too  small  to  be  measured  at  a 
pressure  of  400  Pa.  The  intensity  of  the  Ra¬ 
man  peaks  is  a  measure  of  the  vibrational 
energy  in  each  of  the  Raman-active  modes.4 
Therefore,  by  measuring  the  time  dependence 
of  the  anti-Stokes  intensity,  one  can  study  the 
evolution  of  the  vibrational  energy  distribu¬ 
tion  in  multiphoton  excited  molecules. 


Fig.  1.  Raman  spectrum  of  infrared  multi¬ 
photon  excited  CF2CI2  at  400  Pa.  The 
arrows  show  the  position  of  the  pump  line. 
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Fig.  2.  Intensity  of  the  normalized  anti- 
Stokes  signals  as  a  function  of  the  time  delay 
between  pump  and  probe  pulse  for  CF2CI2. 


Buffer  gas  pressure  (Torr) 

Fig.  3.  Normalized  anti-Stokes  intensites  for 
3  modes  of  CF2CI2  at  2  J/cm2  for  different 
N2  buffer  gas  pressures. 
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The  time  dependence  of  the  anti-Stokes  Raman  signals  is  shown  in  Fig.  2.  The  signals 
are  normalized  with  their  corresponding  room  temperature  Stokes  counterparts  to  correct  for 
the  different  Raman  cross  sections.  The  rise  time  of  the  signals  corresponds  to  the  pulse 
duration  of  the  laser  pulses.  The  decay  of  the  signals  is  due  to  a  combination  of  collisional 
vibrational  relaxation  and  diffusion  of  the  excited  molecules  out  of  the  excitation  region.  By 
comparing  the  intensity  of  the  signals  one  can  determine  the  distribution  of  energy  in  the 
vibrational  modes.  Fig.  3  shows  the  normalized  intensity  distribution  100  ns  after  excitation. 
From  this  graph  it  is  clear  that  most  of  the  excitation  energy  remains  in  the  pump  mode  at 
919  cm-1  for  collisionless  excitation  without  buffer  gas.  As  an  increasing  amount  of  N2 
buffer  gas  is  added  the  distribution  tends  toward  thermal  equilibrium,  but  the  overall  signal 
strengths  decrease  because  of  vibration-translation  relaxation. 

Summarizing,  we  present  here  time-resolved  spontaneous  Raman  scattering  measure¬ 
ments  of  infrared  multiphoton  excited  CF2CI2  at  low  pressure.  The  results  show  a  highly 
nonthermal  energy  distribution  among  different  modes,  which  persists  even  on  time  scales  long 
compared  to  the  mean  free  time  of  the  molecules.  A  more  detailed  discussion  of  these  results 
will  be  published  elsewhere.6  This  work  was  supported  by  the  Army  Research  Office  and  the 
Joint  Services  Electronics  Program  under  contracts  with  Harvard  University.7 
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The  intramolecular  vibrational  energy  distribution  of  infrared-multiphoton-excited  CF:CI;  molecules 
is  studied  with  time-resolved  spontaneous  Raman  scattering.  The  time  evolution  of  the  signals  from 
three  vibrational  modes  is  studied  up  to  600  ns  after  excitation,  and  in  the  presence  of  N;  buffer  gas. 
Following  collisionless  infrared  multiphoton  excitation  a  nonthermal  distribution  of  vibrational  energy  is 
observed.  This  nonequilibrium  distribution  persists  up  to  high  levels  of  vibrational  excitation,  with  at 
least  10000  cm'1  in  three  out  of  the  nine  vibrational  modes. 

PACS  numbers:  33.80  -b,  33.20.Fb,  82.50.Jy 


In  1973  it  was  discovered  that  isolated  molecules  in 
the  ground  electronic  state  can  be  dissociated  by  a  short, 
intense  pulse  from  a  CO;  laser. 1  Since  then,  the  absorp¬ 
tion  of  large  numbers  of  monochromatic  infrared  pho¬ 
tons  by  single  molecules  has  been  studied  extensively.2'7 
Because  of  the  selectivity  of  vibrational  excitation,  in¬ 
frared  multiphoton  excitation  has  received  much  atten¬ 
tion.  Initially  it  was  hoped  that  a  “bond-selective”  or 
“mode-selective”  photochemistry  based  on  infrared  mul¬ 
tiphoton  excitation  could  be  developed.8 

Information  on  the  intramolecular  vibrational  energy 
distribution  in  infrared-multiphoton-excited  molecules 
has  been  obtained  experimentally  in  a  number  of 
ways.9"16  It  was  shown  that  the  infrared-multiphoton- 
dissociation  branching  ratios  and  the  energy  distributions 
of  the  dissociation  fragments  are  consistent516  with 
Rice-Ramsberger-Kassel-Marcus  theory. 17  This  means 
that  when  molecules  are  excited  above  or  close  to  the  dis¬ 
sociation  threshold,  equilibration  of  the  intramolecular 
vibrational  energy  distribution  occurs.  Whether  this 
holds  true  for  highly  excited  molecules  below  the  dissoci¬ 
ation  threshold  remains  an  open  question.  Spontaneous 
Raman  scattering  was  used  to  study  various  infrared- 
multiphoton-cxcited  molecules,  and  the  results  provided 
information  on  the  vibrational  energy  distribution  after 
excitation. 11  12 14 18  This  paper  presents  time-resolved 
Raman-scattering  measurements  on  infrared-multipho- 
ton-cxcited  CF2CI2,  a  molecule  which  allows  direct  com¬ 
parison  of  the  Raman  signal  intensities  of  different 
modes  after  excitation.  Since  the  Raman  signal  intensity 
is  directly  proportional  to  the  energy  in  the  mode,  the  re¬ 
sults  provide  direct  information  on  the  intramolecular  vi¬ 
brational  energy  distribution  of  CF2CI2  at  various  levels 
of  excitation.  The  present  experimental  data  fill  the  gap 
in  the  transition  regime  between  the  well-known  low- 
excitation  (single  vibrational  mode)  and  high-excitation 
(dissociation)  regions. 

In  simple  harmonic  approximation,  the  total,  spectral¬ 
ly  integrated,  intensity  of  the  Raman  signal  of  a  particu¬ 
lar  vibrational  mode  is  proportional  to  the  average  ener¬ 


gy  in  that  mode,  (EtotaiL  This  follows  from  the  fact  that 
the  transition  probability  is  proportional  to  the  vibration¬ 
al  quantum  number  n. 18  For  an  anti-Stokes  transition 
«—  n  —  l,  with  transition  probability  W„^n- ,,  one 
therefore  obtains  for  the  total  anti-Stokes  Raman  signal 
intensity 

/&-£  — a X  p"n’  (1) 

n“0  /t“0 

where  P„  is  the  population  of  vibrational  state  n,  and  a  a 
mode-dependent  quantity  related  to  the  Raman-scatter¬ 
ing  cross  section.  To  eliminate  the  proportionality  con¬ 
stant  a,  the  anti-Stokes  signal  is  normalized  with  the  cor¬ 
responding  Stokes  signal  at  room  temperature,  I§.  The 
resulting  normalized  anti-Stokes  signal,  /norm,  is  there¬ 
fore  proportional  to  the  average  energy  in  that  mode, 

-6  -  '  £  Pnn  -b  (2) 

IS  „-o  ^ 

with 

bmj£p°{n  + 1),  (3) 

H  “0 

where  P%  is  the  population  distribution  at  room  tempera¬ 
ture,  h  Planck’s  constant,  and  v  the  frequency  of  the 
mode.  If,  as  is  usually  the  case,  the  energy  of  vibrational 
quanta  is  much  larger  than  kT  at  room  temperature,  the 
Boltzmann  factor  e~hv/kT  is  small,  and  f>  =  l.  Under 
these  conditions  / norm  is  a  direct  measure  of  the  average 
number,  (n)  —  (EmuiVAv,  of  vibrational  quanta  in  each 
vibrational  mode.  This  allows  one  to  compare  the  aver¬ 
age  energy  from  mode  to  mode  after  excitation  of  the 
molecules  and  determine  the  vibrational  energy  distribu¬ 
tion. 

The  experimental  setup18,19  consists  of  a  low-pressure 
gas  cell,  an  infrared  pump  laser,  and  an  ultraviolet  probe 
laser.  To  isolate  intramolecular  from  (collisional)  inter- 
molecular  effects,  the  signals  are  measured  at  pressures 
low  enough  to  ensure  that  no  significant  collisional  relax- 
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FIG.  I.  Raman  spectrum  of  CF2CI2,  with  (filled  circles)  and 
without  (open  circles)  infrared  multipholon  excitation. 


ation  of  vibrational  energy  occurs  on  the  time  scale  of 
the  excitation.  The  infrared  radiation  is  generated  by  a 
high-power,  short-pulse,  tunable  CO2  laser.20-21  The  in¬ 
frared  pulses  of  1 5  ns  duration  have  a  maximum  energy 
of  200  mJ  at  the  P( 32)  line  of  the  10  6-/tm  branch.  A 
30-ns  frequency-doubled  ruby  laser  pulse  of  3  mJ  serves 
as  Raman  probe.  The  Raman  signals  are  detected  with 
a  low-resolution  (1.5  nm)  double  monochromator  and  a 
high-gain  fast  photomultiplier  tube.  A  complete  descrip¬ 
tion  of  the  experimental  setup  can  be  found  in  previous 
papers. 1819 

The  experimental  results  on  CF2CI2  presented  here 
were  obtained  at  a  pressure  of  400  Pa  (3  Torr).  The  re¬ 
ported  purity  of  the  commercially  obtained  gas  is  bet¬ 
ter  than  99.995%.  Of  the  nine  vibrational  modes  of 
CF2CI2,  22-23  three,  at  667,  923,  and  1098  cm-1,  are  ac¬ 
cessible  to  our  apparatus.  The  CCI2  asymmetric  stretch 
mode  at  923  cm-1  is  resonant  with  the  10.6-^m  P( 32) 
line  of  the  CO2  laser.  Since  this  mode  is  both  Raman 
and  infrared  active,  one  can  directly  monitor  the  excita¬ 
tion  in  the  pumped  mode. 

The  Raman  spectrum  of  CF2CI2,  obtained  with  and 
without  infrared  multiphoton  excitation,  is  shown  in  Fig. 
1 .  The  large  central  peak  in  the  spectrum  corresponds  to 
Rayleigh  scattering.  Because  of  the  low  population  of 
excited  levels  at  room  temperature,  only  Stokes  signals 
can  be  detected  in  the  absence  of  infrared  pumping. 
These  room-temperature  data  are  shown  in  the  right- 
hand  side  of  the  graph;  the  corresponding  anti-Stokes 
side  of  the  spectrum  has  been  omitted.  After  the  excita¬ 
tion,  large  anti-Stokes  signals  appear.  The  Stokes  and 
anti-Stokes  peaks  at  356.5  and  336  nm  (see  arrows)  cor¬ 
respond  to  the  923-cm  ” 1  pump  mode.  One  can  obtain 
an  indication  of  the  average  excitation  in  each  mode  by 
comparing  the  intensities  of  the  anti-Stokes  peaks  with 
the  intensities  of  the  corresponding  Stokes  peaks  in  this 


FIG,  2.  Normalized  anti-Stokes  signals  as  functions  of  the 
time  delay  between  pump  and  probe  pulse. 

graph,  as  in  Eq.  (2).  From  such  a  simple  comparison,  it 
becomes  immediately  clear  that  the  pump  mode  is  much 
more  highly  excited  than  the  other  modes. 

Figure  2  shows  the  normalized  anti-Stokes  signal  from 
Eq.  (2),  /norm,  versus  the  time  delay  between  pump  and 
probe  pulses  at  an  average  fluence  of  1.8  x  104  J/m2.  For 
t  <  0,  the  molecules  arc  probed  before  the  excitation,  i.e., 
at  room  temperature.  The  rise  time  of  all  three  vibra¬ 
tional  modes  is  limited  by  the  30-ns  instrumental  time 
resolution,  which  in  turn  is  determined  by  the  temporal 
width  of  the  laser  pulses.  The  decay  of  the  signals  is 
most  likely  due  to  the  collisional  transfer  of  energy  to 
other  initially  “cold”  vibrational  modes.  Such  a  col¬ 
lisional  relaxation  should  result  in  a  growth  of  energy 
content  of  the  initially  unexcited  modes.  Because  it  is 
not  possible  to  observe  all  nine  vibrational  modes,  howev¬ 
er,  this  could  not  be  verified. 

For  an  equilibrium  distribution  of  energy  among  the 
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vibrational  modes,  the  intensities  of  the  normalized  sig¬ 
nals  are  given  by 

/norn,-(eW4r-l)_'.  (4) 

Figure  2,  however,  shows  that  after  excitation  the  signal 
intensities  cannot  be  described  by  Eq.  (4)  for  any  tem¬ 
perature  T.  The  normalized  intensity  of  the  pumped  vi¬ 
brational  mode  at  923  cm"1  is  considerably  higher  than 
the  corresponding  intensities  of  the  other  two  modes. 

Figure  3  shows  the  normalized  anti-Stokes  signals  as 
functions  of  infrared  fluence.  The  normalized  intensity 
ratios  as  well  as  values  of  (£t0U|)  for  each  mode  obtained 
from  Eq.  (2)  are  displayed  in  Table  I.  The  normalized 
anti-Stokes  intensities  of  all  three  modes  increase  ex¬ 
ponentially  with  increasing  fluence,  with  the  pumped 
mode  at  923  cm  -l  containing  the  largest  amount  of  en¬ 
ergy  for  all  infrared  fluences.  The  ratios  of  normalized 
anti-Stokes  signals  clearly  indicate  a  nonequilibrium  in¬ 
tramolecular  vibrational  energy  distribution  among  the 
three  observed  vibrational  modes.  As  the  fluence  is  in¬ 
creased  from  (1.8  to  2.4)xl04  J/m2,  the  energy  in  the 
pumped  mode  triples  and  the  total  vibrational  energy  in 
the  three  probed  modes  is  at  least  10000  cm-1,  yet  the 
nonequilibrium  ratio  of  intensities  remains  unchanged. 
This  implies  that  the  observed  nonequilibrium  distribu¬ 
tion  cannot  be  the  result  of  averaging  a  “hot”  equilibri¬ 
um  ensemble  and  a  “cold”  bottlenecked12  ensemble.  If 
that  were  the  case,  the  intensity  ratios  in  Table  I  would 
change  as  the  fraction  of  molecules  in  the  hot  ensemble 
increases  with  increasing  fluence.  Since  more  than  one 
mode  is  highly  excited,  the  behavior  is  distinctly  different 
from  the  low-excitation  behavior.  On  the  other  hand, 
the  nonthermal  distribution  at  this  relatively  high  excita¬ 
tion  contrasts  with  the  well  established  equilibrium  dis¬ 
tribution  of  vibrational  energy  in  the  infrared  multipho¬ 
ton  dissociation  of  CF2CI2  molecules.516  It  is  therefore 
interesting  to  compare  the  10000  cm  -l  of  internal  ener¬ 
gy  in  the  t.iree  probed  modes  with  the  24000-cm  -1  (74 


TABLE  I.  Average  vibrational  energy  and  relative  intensity 
ratio  for  three  Raman-active  modes  of  CF2CI2,  at  667,  923, 
and  1098  cm  _l,  after  infrared  multiphoton  excitation.  The  top 
row  gives  the  (calculated)  room-temperature  equilibrium 
values. 


F 

(10*  J/mJ) 

PN, 

(kPa) 

/„i  ratio 

Ett  7 
(cm  ” 1 ) 

Em 
(cm  -1) 

E  IOM 
(cm  _  1 ) 

0 

3.4:1:0.45 

28 

1 1 

6 

1.2 

0.21:1:0.23 

70 

480 

130 

1.5 

0.15:1:0.41 

120 

1140 

560 

1.8 

0.12:1:0.48 

180 

2160 

1240 

2.1 

0.10:1:0.48 

280 

3800 

2190 

2.4 

0.10:1:0.48 

440 

6300 

3620 

2.1 

13 

0.20:1:1 

130 

920 

1100 

2.1 

26 

0.17:  ■  •  :0. 1 5 

110 

<450 

160 

kcal/mol)  thermal  dissociation  energy  of  CF2CI2.  At  the 
highest  fluence  used,  two  of  the  probed  modes  contain 
about  twice  the  energy  that  would  result  from  a  statisti¬ 
cal  distribution  of  the  24000-cm-1  dissociation  energy 
over  all  the  modes.  One  must  therefore  conclude  that  re¬ 
ported  equilibration  of  vibrational  energy  occurs  only  at 
still  higher  fluences,  when  the  energy  in  the  pumped 
mode  is  well  above  its  thermal-dissociation  value.  It  is 
not  possible,  however,  to  probe  the  molecules  at  higher 
excitation  because  of  laser-induced  fluorescence  from 
dissociation  fragments. 

Collisions  relax  the  nonequilibrium  intramolecular  vi¬ 
brational  energy  distribution  of  the  excited  molecules, 
and  the  normalized  anti-Stokes  signals  should  therefore 
approach  their  thermal  equilibrium  values  as  collisions 
occur.  Unfortunately  it  is  not  possible  to  draw  any  quan¬ 
titative  conclusions  from  the  decay  of  the  anti-Stokes 
signals  in  Fig.  2,  because  the  signals  drop  below  the  noise 
level  before  equilibrium  is  reached.  The  relaxation  rate 
was  therefore  increased  by  addition  of  N2  buffer  gas. 
Figure  4  shows  the  normalized  anti-Stokes  signals  at 
various  buffer-gas  pressures.  The  same  graph  also  shows 
the  equilibrium  values  of  the  Raman  signals,  calculated 
under  the  assumption  of  the  same  amount  of  total  inter¬ 
nal  energy  in  the  three  modes  as  in  the  left  graph.  The 
observed  signals  decrease  quickly  with  increasing  buffer- 
gas  pressure,  but  at  the  same  time  the  differences  be¬ 
tween  them  become  smaller.  Within  the  experimental 
accuracy,  equilibrium  is  reached  between  the  923-  and 
1098-em-1  modes  at  13  kPa  buffer-gas  pressure.  At  26 
kPa,  equilibrium  between  the  667-  and  1098-cm-1 
modes  is  also  established.  Because  of  the  small  Raman 


600  k  900  cm-i  1200  600  k  900  cm-i  1200 


FIG.  4.  Comparison  of  the  observed  normalized  anti-Stokes 
signals  with  calculated  equilibrium  values.  On  the  left,  signals 
after  infrared  multiphoton  excitation  for  three  different  N2 
buffer-gas  pressures:  0  Pa  (squares),  13  kPa  (circles),  and  26 
kPa  (triangles).  On  the  right,  calculated  equilibrium  values  at 
three  different  temperatures:  3900  K  (squares),  1500  K  (cir¬ 
cles),  and  600  K  (triangles). 
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cross  section  of  the  923-cm  1  mode,  data  are  not  avail¬ 
able  for  this  mode  at  26  kPa  buffer-gas  pressure.  At  this 
pressure  the  vibrational  energy  of  the  highly  excited 
CF2C12  is  rapidly  transferred  to  the  buffer  gas,  and  the 
anti-Stokes  signal  of  the  923-cm"1  pump  mode  drops 
below  the  noise  level.  A  comparison  with  the  calculated 
equilibrium  values  on  the  other  side  of  th<  graph  shows 
that  as  the  buffer-gas  pressure  is  increased,  the  in¬ 
tramolecular  vibrational  energy  distribution  tends  to 
equilibrate. 

In  conclusion,  we  have  employed  time-resolved  spon¬ 
taneous  Raman  scattering  to  study  the  infrared  multi¬ 
photon  excitation  of  CF2C12.  The  observed  anti-Stokes 
signals  show  a  nonthermal  energy  distribution  among  the 
observed  Raman-active  modes  of  infrared-multiphoton- 
excited  CF2C12  which  tends  toward  equilibrium  as  an  in¬ 
creasing  amount  of  buffer  gas  is  added.  Even  though  at 
high  excitation  two  of  the  observed  modes  already  con¬ 
tain  about  twice  their  “statistical  share"  of  the  dissocia¬ 
tion  energy,  the  distribution  of  energy  is  still  far  from  the 
well  established  equilibrium  at  dissociation. 
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THE  INTERACTION  OF  INTENSE  PICOSECOND  INFRARED  PULSES  WITH 
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Introduction 

In  the  past  decade  there  has  been  much  interest  in  the  dynamics  of  highly  vibrationally 
excited  and  dissociating  molecules.  Selectivity  at  high  levels  of  excitation  may  eventually 
lead  to  the  realization  of  laser-controlled  photochemistry,  with  broad  applications  in  such 
diverse  areas  as  laser-assisted  chemical  vapor  deposition,  isotope  separation,  and 
photosynthesis.  Polyatomic  molecules  in  the  ground  electronic  state  can  reach  levels  of 
excitation  up  to  the  dissociation  threshold  by  absorbing  a  large  number  of  photons  from  a 
resonant  high-power  infrared  laser.  Despite  the  selectivity  of  infrared  excitation  at  low 
energy,  however,  at  high  excitation  the  excitation  energy  is  no  longer  confined  to  one 
'mode’.  It  has  been  shown  experimentally  that  for  molecules  excited  close  to  or  above  the 
dissociation  threshold  equilibration  of  energy  occurs,  in  agreement  with  theoretical 
predictions.  There  is  no  agreement,  however,  as  to  the  validity  of  theoretical  models  that 
presuppose  equipartitioning  of  energy  in  the  region  below  the  dissociation  threshold.  Recent 
spontaneous  Raman  spectroscopy  experiments  on  infrared  multiphoton  excited  molecules  in 
our  laboratory  provide  information  on  the  intramolecular  vibrational  energy  distributions  of 
highly  vibrationally  excited  molecules  in  this  region.  The  experimental  results  show  that  an 
excess  of  energy  can  remain  in  the  pumped  mode  up  to  levels  of  excitation  close  to  the 
dissociation  threshold.  This  paper  provides  a  review  of  the  results  that  were  obtained  in  the 
past  three  years,  part  of  which  were  published  previously. 

Background 

In  1973  it  was  discovered  that  isolated  molecules  in  the  ground  electronic  state  can  be 
dissociated  by  a  short,  intense  pulse  from  a  CO2  laser.1  Since  then  the  absorption  of  large 
numbers  of  monochromatic  infrared  photons  by  isolated  molecules  has  been  studied 
extensively.2-8  The  early  work  in  this  field  was  motivated  by  the  hope  of  driving  chemical 
reactions  in  either  a  bond-specific  or  isotopically  selective  fashion  by  ‘localized’  deposition  of 
energy  in  a  small  subset  of  modes. 

In  the  past  ten  years  many  experimental  techniques  have  been  applied  to  study  in¬ 
frared  multiphoton  excitation.  Photoacoustic  measurements  were  applied  to  determine  the 
energy  absorbed  by  the  molecules,9  and  to  study  the  excitation  as  a  function  of  various  pa- 


rameters,  such  as  pumping  fluence,  intensity,  and  wavelength,  pressure,  etc.  Photoacoustic 
spectroscopy  was  also  used  at  high  intensities  to  study  dissociation  yields  as  a  function  of 
absorbed  energy.  More  detailed  information  on  infrared  multiphoton  dissociation,  such  as 
the  species  of  the  dissociation  fragments,  branching  ratios  of  different  dissociation  channels, 
and  the  translational  energy  distribution  of  the  fragments,  was  obtained  by  mass  and  time-of- 
flight  spectrometry.10  Pump-and-probe  experiments  have  also  provided  more  detailed 
knowledge  of  the  infrared  multiphoton  excitation  and  dissociation.  For  example,  laser  in¬ 
duced  fluorescence1  was  used  to  measure  the  vibrational  energy  distribution  of  the  in¬ 
frared  muldphoton  dissociation  fragments.  Infrared  double-resonance  experiments 1 3- 1 5  were 
done  to  determine  the  rotational  relaxation  rate  and  the  population  depletion  of  the  vibrational 
ground  state.  Spontaneous  and  coherent  anti-Stokes  Raman  scattering  were  used  to  probe  the 
distribution  of  vibrational  energy  over  the  different  modes  of  infrared  multiphoton  excited 
molecules.  16_24 

The  following  qualitative  picture  has  emerged  from  the  experimental  results.  Basi¬ 
cally,  one  can  distinguish  between  three  different  regions  in  the  molecular  vibrational  spec¬ 
trum  depending  on  the  level  of  excitation.  At  low  excitation  the  energy  is  essentially  confined 
to  the  pumping  mode,  just  as  in  ordinary  one-photon  spectroscopy:  the  first  few  photons 
absorbed  by  a  ‘cold’  molecule  produce  transitions  between  separate  discrete  vibrational  states 
located  in  the  resonant  mode  (region  I).  At  higher  levels  of  excitation,  the  spacing  between 
individual  vibrational  states  becomes  increasingly  smaller  due  to  molecular  anharmonicities, 
and  other  nonresonant  modes  also  acquire  energy  during  the  excitation  (region  II,  often 
referred  to  as  the  ‘quasicontinuum’).  Molecular  excitation  in  this  region  is  thought  to  occur 
through  stepwise  incoherent  transitions  between  homogeneously  broadened  states  that  are 
superpositions  of  various  normal  mode  states.  Once  in  region  n,  many  polyatomic  molecules 
easily  absorb  large  numbers  of  infrared  photons  and  reach  the  continuum  above  the 
dissociation  threshold  (region  III).  Clearly  the  excitation  process  is  very  different  in  each  of 
these  three  regions,  and  experimental  results  often  reflect  a  combination  of  the  spectroscopies 
of  different  regions. 

Most  of  the  experiments  carried  out  to  date  have  centered  around  characterizing  the 
gross  features  of  infrared  multiphoton  excitation  by  relatively  large  molecules.  The 
parameters  that  have  been  measured,  such  as  average  number  of  photons  absorbed  per 
molecule,  dissociation  rates  and  branching  ratios,  are  the  product  of  a  number  of  mechanical 
and  kinetic  processes  and,  hence,  are  incapable  of  probing  the  detailed  dynamics  of  the 
excitation  process.  It  has  been  established,  however,  that  the  infrared  multiphoton 
dissociation  branching  ratios  and  the  energy  distributions  of  the  dissociation  fragments  are 
generally  consistent  with  statistical  theories,  such  as  the  RRKM  theory.  This  means  that 
when  molecules  are  excited  into  region  III,  equilibration  of  the  intramolecular  vibrational 
energy  distribution  occurs,  and  dissociation  takes  place  along  a  thermodynamically  favored 
path,  resulting  in  a  loss  of  the  initial  ‘selectivity’.  Whether  equilibration  occurs  for  highly 
excited  molecules  below  the  dissociation  threshold  (region  II)  remains  an  open  question. 

Direct  information  on  the  intramolecular  energy  distribution  in  highly  excited 
molecules  was  obtained  experimentally  with  pump-probe  type  experiments,  in  particular  by 
Raman  probing.  Raman  spectroscopy  was  first  employed  by  Bagratashvili  and  coworkers16 
and  later  by  our  group19  as  a  tool  for  studying  infrared  multiple  photon  excitation.  In  the 
Raman  experiments,  the  population  in  various  vibrational  modes  is  probed  after  excitation  of 
the  molecules  into  region  II  with  an  intense  infrared  pulse.  Since  the  Raman  signal  intensities 
are  a  measure  for  the  amount  of  energy  in  each  mode,19  this  type  of  experiment  provides 
direct  experimental  information  on  the  intramolecular  energy  distribution. 
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Fig.  1.  Intensity  of  Stokes  (closed  symbols)  and 
anti-Stokes  (open  symbols)  signal  as  a  function  of 
the  time  delay  between  pump  and  probe  pulses  at  a 
pressure  of  67  Pa  for  SF6-  Infrared  excitation  with 
0.5  ns  (squares)  and  15  ns  (circles)  pulses  at  the 
10.6  /tm  P(20)  line.  Average  fluence:  0.8  x  104 
J/m2.  Data  from  Ref.  20. 


Fig.  2.  Relative  anti-Stokes  signal  of  SF5  as  a 
function  of  the  infrared  pumping  fluence  for 
various  pressures.  Excitation  at  the  10.6  /tm 
P(20)  line  with  two  pulse  durations:  0.5  ns  (open 
symbols)  and  15  ns  (closed  symbols).  Data  from 
Ref.  20. 


o  :  33  Pa;  o:  67  Pa;  A:  133  Pa;  V:  200  Pa; 
©:  267  Pa;  •  :  133  Pa 


Intramolecular  energy  distributions 

The  experimental  technique  and  apparatus  have  been  described  previously.20-21  Four 
different  molecules,  CF2HG,  CF2CI2,  SF6  and  CH3CHF2,  varying  in  size  from  five  to  eight 
atoms,  were  studied  with  the  present  apparatus.20*22-24  An  overview  of 
experimental  results  is  presented  in  Table  I.  All  measurements  were  carried  out  at  room 
temperature,  with  gas  pressures  ranging  from  14  to  500  Pa  and  with  infrared  fluences  up  to  8 
x  104  J/m2.  The  commercially  obtained  gases  have  a  reported  purity  better  than  99.99%. 

The  first  molecule  studied,  SFg,  has  only  one  accessible  Raman  active  mode,  Vj,  with 
a  Raman  shift  of  775  cm-1.  Data  were  obtained  for  CC^-laser  frequencies  between  the  P(12) 
and  the  P(28)  lines  of  the  10.6  fjm  branch,  which  are  resonant  with  the  triply  degenerate 
infrared  active  V3-mode  (944  cm-1).  Two  different  infrared  pulse  durations  were  employed: 
0.5  and  15  ns  full-width  at  half-maximum  pulses. 

Fig.  1  shows  the  increase  in  Stokes  and  anti-Stokes  signals,  measured  at  356.7  and 
338  nm  respectively,  as  a  function  of  the  time  delay  between  the  pump  and  the  probe  pulse 
for  two  infrared  pulse  durations.  The  signals  are  .normalized  with  the  room  temperature 
Stokes  signal  (for  t  <  0,  room  temperature  equilibrium  data  are  automatically  obtained).  At 
f =0  infrared  excitation  takes  place  and  both  Stokes  and  anti-Stokes  signals  increase.  The  rise 
time  of  the  signals  is  determined  by  the  20  ns  pulse  duration  of  the  second  harmonic  of  the 
probe  laser.  However,  although  not  resolved  in  these  measurements,  the  increase  in  signal 
clearly  occurs  on  a  time-scale  that  is  much  shorter  than  the  mean  free  time  between  collisions 
(about  200  ns  at  a  pressure  of  67  Pa).  The  pressure  dependence  of  the  signals  further  shows 
that  the  increase  in  signal  is  not  due  to  collisions,  but  is  truly  a  collisionless  phenomenon.20 
Interestingly  enough  the  signals  remain  constant,  even  on  a  time  scale  on  which  collisional 
vibrational  energy  relaxation  occurs.20  For  longer  delay  times  (t  >  2  /zs),  diffusion  of  the 
excited  molecules  out  of  the  probing  region  causes  the  signals  to  revert  to  their  original 
values.20 
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Molecule 

CO2  line 

Wavenumber 

Mode 

Activity 

Remarks20*22-24 

sf625 

vi  =  775 

R(s) 

changes  after  excitation 

V2  =  644 

R(w) 

not  probed 

10.6  jtmP(20) 

944 

V3=  965 

IR 

pumped 

v4=  617 

IR 

V5  =  524 

R(w) 

not  probed 

v6=  363 

inactive 

CF2Cl226-27 

Vi=  1101 

®(s) 

vi  =  1098 

R(m) 

changes  after  excitation 

V2-  667 

IR(s) 

V2=  667.2 

R(s) 

changes  after  excitation 

Vi  =  457.5 

R(s) 

not  probed 

v4=  261.5 

R(s) 

not  probed 

11 

R  (w) 

not  probed 

v6=  1159 

IR  (s) 

v6=  1167 

R(w) 

not  probed 

vj  =  446 

IR  (w) 

not  probed 

10.6/tmP(32) 

933 

vg  =  922 

IR  (vs) 

pumped 

vg  =  923 

R  (w) 

changes  after  excitation 

vS 

II 

U) 

IR  (w) 

V)  =  433 

R(m) 

not  probed 

CH3CHF2 

870 

R 

changes  after  excitation 

10.6jtmP(20) 

944 

IR 

pumped 

1140 

R 

no  change 

1460 

R 

no  change 

2980 

R 

no  change 

CF2HC1 

590 

R 

no  change 

800 

R 

no  change 

9.4/tmR(32) 

1086 

IR 

pumped 

1130 

R 

no  change 

1330 

R 

no  change 

3030 

R 

no  change 

Table  I.  Spectroscopic  data  for  the  molecules  studied  in  this  paper.  The  vibrational  data  for  SF^  and 
CF2CI2  are  from  literature.  All  data  are  in  cm-1,  vs  =  very  strong,  s  =  strong,  m  =  medium,  and  w  =  weak. 


The  dependence  of  the  anti-Stokes  signal  intensity  on  the  infrared  laser  fluence 
(energy  per  unit  area)  is  shown  in  Fig.  2  for  different  pressures  and  pulse  durations.  The  data 
obtained  for  the  two  pulse  durations  show  that  at  low  fluence  the  signals  depend  on  the 
exciting  laser  pulse  intensity:  a  larger  increase  in  Raman  signal  occurs  at  the  shorter,  higher 
intensity,  pulses.  At  low  excitation  one  needs  a  high  intensity  for  coherent  multiphoton 
excitation  through  the  lower  part  of  the  vibrational  ladder.  At  the  higher  fluences,  once  the 
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Fig.  3.  Intensity  of  the  anti-Stokes  signals  versus  time  delay  between 
pump  and  probe  pulse  for  CH3CHF2  at  660  Pa.  Infrared  excitation:  10.6 
/an  P(20)  line,  0.5  ns  pulse  with  average  fluence  1.5  xlO4  J/m2.  Data 
from  Ref.  22. 

molecules  are  highly  excited,  the  curves  for  the  0.5  and  15  ns  pulse  durations  approach  each 
other,  and  the  dependence  of  the  signal  intensity  on  laser  pulse  intensity  vanishes  in 
agreement  with  the  behavior  observed  in  photoacoustic  measurements.9 

The  observed  collisionless  changes  in  Raman  signals  provide  clear  and  direct 
evidence  that  some  of  the  nonresonant  modes  do  indeed  participate  in  the  excitation  process. 
The  main  purpose  of  this  research  is  to  obtain  information  on  the  role  of  nonresonant  modes 
in  the  multiphoton  excitation  of  polyatomic  molecules.  Since  the  intensity  of  the  signals  is 
proportional  to  the  average  energy  in  the  mode,  £r,  one  can  determine  £R  from  the  ratio  of 
the  anti-Stokes  intensity  to  the  thermal  room  temperature  value  of  the  Stokes  signal,  7rej. 
Unfortunately  SF6  has  only  one  accessible  Raman  active  mode,  so  that  it  is  not  possible  to 
compare  the  values  of  £R  for  different  Raman  active  modes.  This  limits  us  therefore  to  a 
comparison  of  energy  in  the  Vi  mode  with  the  average  total  energy  absorbed  per  molecule, 
(£),  known  from  photoacoustic  measurements.  If  one  assumes  an  equilibrium  distribution  of 
the  excitation  energy  <£),  the  amount  of  energy  in  the  V\  mode  agrees  remarkably  well  with 
the  value  for  ERthat  one  obtains  from  the  Raman  measurements,19’20  suggesting  that  for 
SFg  the  intramolecular  energy  distribution  indeed  equilibrates.  The  absence  of  a  decay  of  the 
Raman  signals  in  Fig.  1  further  supports  this  suggestion.  Even  though  the  initially 
nonequilibrium  intermolecular  distribution  of  energy  equilibrates,18  £R  remains  constant 
once  intramolecular  equilibrium  is  achieved.  In  the  absence  of  intramolecular  equilibrium,  one 
would  expect  £R,  and  consequently  the  signal  intensities,  to  change  on  a  much  shorter  time 
scale  because  of  a  rearrangement  of  energy  over  the  various  vibrational  modes. 

The  asymmetric  CF2HCI  molecule  has  five  accessible  Raman  active  modes  of  widely 
different  energy  (600-3000  cm-1).  The  peak  absorption  of  this  molecule  coincides  with  the 
9.4  fjm  R(32)  CO2  laser  line  at  1086  cm-1.  Even  at  the  maximum  fluence  at  this  line  (2  x  104 
J/m2),  none  of  the  five  Raman  lines  show  a  detectable  change  in  intensity  22  Photoacoustic 
studies2^  of  the  infrared  multiphoton  excitation  of  this  molecule  have  shown  that  at  such  a 
fluence  the  molecules  absorb  about  ten  infrared  photons  (10,000  cm-1).  The  absence  of  anti- 
Stokes  scattering  from  low  lying  levels,  such  as  the  Raman  active  mode  at  587  cm-1, 
suggests  that  not  all  modes  participate  in  the  excitation  process,  and  that  the  energy 
distribution  for  this  molecule  does  not  equilibrate  without  collisions. 

The  asymmetric  isomer  CF^CF^has  four  accessible  Raman  modes.  Data  were 
obtained  for  0.5  ns  long  pulses  at  the  P(20)  line  of  the  10.6  /tm  branch,  which  is  resonant 
with  the  infrared  active  C — F  stretch  mode  at  942  cm-1.  Only  one  of  the  Raman  active 
modes,  at  870  cm-1,  shows  an  increase  in  signal  after  excitation.22  Fig.  3  shows  the  time- 


Fig.  4.  Intensity  of  the  anti-Stokes  signals  as  a  Fig.  S.  Semilogarithmic  plot  of  the  fluence  de¬ 
function  of  the  time  delay  between  pump  and  pen  den  ce  of  the  anti-Stokes  signals  of  CF2CI2  at 

probe  pulse  for  CF2CI2  at  400  Pa  Infrared  exci-  400  Pa  The  dependence  is  exponential  for  all 

tation:  10.6  /im  P(32)  line  15  ns  pulse  with  av-  three  modes.  Excitation  with  15  ns  pulses  at  the 

erage  fluence  1.8x  l(r  J/m2  Data  from  Ref.  23.  10.6  fan  P(32)  line.  Data  from  Ref.  23. 
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dependence  of  this  signal  at  a  pressure  of  660  Pa  and  a  fluence  of  1.5  x  104  J/m2.  Again  a 
short  collisionless  increase  in  signal  occurs,  but  in  contrast  to  SF6  the  signal  now  decays  on  a 
time  scale  of  the  order  of  collisional  relaxation  times.  This,  combined  with  the  fact  that  no 
other  Raman  active  mode  exhibits  any  change,  leads  to  the  conclusion  that  for  this  particular 
molecule  too,  the  excitation  energy  does  not  equilibrate. 

The  most  complete  set  of  data  was  obtained  for  CF2Cl2-2^*24  This  five  atom  molecule 
has  four  accessible  Raman  active  modes,  three  of  which  (at  667,  923,  and  1098  cm-1 
respectively)  were  measured  after  infrared  multiphoton  excitation.  The  C — Cl  stretch  mode  at 
923  cm-1  is  both  infrared  and  Raman  active  and  can  be  pumped  with  the  P(32)  line  of  the 
10.6  jjan  branch  of  the  CO2  laser.  This  allows  one  to  directly  observe  the  energy  in  the  pump 
mode  and  compare  it  with  the  energy  in  other  modes.  The  measurements  presented  here  were 
all  carried  out  at  a  gas  pressure  of  400  Pa. 

Fig.  4  shows  the  time-dependence  of  the  anti-Stokes  signals,  each  normalized  with  its 
corresponding  room  temperature  Stokes  signals.  The  signals  rise  in  20  ns  and  show  a  clear 
decay,  especially  for  the  two  highly  excited  modes  (923  cm-1  and  1098  cm-1).  This  decay  is 
most  likely  attributed  to  collisional  transfer  of  energy  to  other,  initially  ‘cold’  vibrational 
modes.  The  fluence  dependence  of  the  anti-Stokes  signals  of  CF2CI2  is  nearly  exponential 
(Fig.  5):  above  lxl04J/m2,  the  signals  double  roughly  every  0.3  x  104  J/m2  increment. 
Since  CF2CI2  is  smaller  than  SF6,  fewer  vibrational  modes  are  available  and  one  expects  a 
stronger  bottleneck  effect  in  CF2CI2.  The  observed  slow  rise  of  the  signals  at  low  fluence, 
which  is  in  sharp  contrast  with  the  linear  fluence  dependence  of  SF6  ( cf .  Figs.  2  and  5), 
indeed  suggests  that  this  is  the  case.  Measurements  of  the  Raman  signal  with  shorter  infrared 
pulses  would  provide  a  better  understanding  of  the  role  of  intensity  effects. 

Since  more  than  one  Raman  active  mode  was  measured  for  this  molecule,  one  can 
directly  compare  the  intensities  from  the  various  modes.  In  equilibrium,  the  intensities  of  the 
normalized  signals  are  given  by  a  Maxwell-Boltzmann  distribution.  The  results  in  Figs.  4, 
and  5,  however,  show  that  the  signal  intensities  after  infrared  multiphoton  excitation  cannot 
be  described  by  such  a  distribution.  Especially  the  normalized  intensity  of  the  pumped 
vibrational  mode  at  923  cm-1  is  considerably  higher  than  the  corresponding  intensities  of  the 
other  two  modes:  at  all  fluences  most  of  the  energy  remains  in  the  pumped  mode.  In 
addition,  as  is  clear  from  Fig.  5  the  rate  of  increase  is  different  for  the  three  modes.  It 
appears  that  there  is  a  stronger  coupling  of  the  pump  mode  with  the  1098  cm-1  mode  than 
with  the  less  energetic  667  cm-1  mode,  notably  at  the  high  fluence  end.  Note  also  that 
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although  the  intensities  of  the  anti-Stokes  signals  increase  significantly  between  1.5  and 
2.4  x  104  J/m2,  the  intensity  ratio  does  not  change  much.  This  rules  out  the  possibility  that 
the  observed  nonequilibrium  distribution  is  a  result  of  averaging  a  ‘hot’  equilibrium  ensemble 
and  a  ‘cold’  botdenecked  ensemble,  since  the  ratio  would  change  as  the  fraction  of  molecules 
in  the  hot  ensemble  becomes  larger  with  increasing  fluence.  Adding  up  the  energy  content  of 
the  three  modes  for  CF2G2  calculated  from  the  signal  intensities  in  Fig.  5,  it  follows  that  a 
complete  equilibration  of  energy  does  not  occur  below  10,000  cm-1  of  excitation.  Prelimi¬ 
nary  measurements  show  that  after  pumping  the  1098  cm-1  mode  an  excess  of  energy  is 
found  in  both  the  923  and  the  1089  cm-1  cm  mode. 


Conclusion 

This  paper  presents  an  overview  of  the  results  of  measurements  on  various 
collisionless  infrared  multiphoton  excited  molecules  ranging  in  size  from  5  to  8  atoms.  The 
amount  of  energy  in  various  modes  of  these  molecules  is  determined  from  the  spontaneous 
Raman  scattering  signals  from  each  of  these  modes.  Most  of  these  molecules  have  more  than 
one  Raman  active  mode  and  thus  allow  direct  observation  of  the  intramolecular  distribution 
of  vibrational  energy  among  these  modes  after  the  infrared  multiphoton  excitation.  The 
experiments  unambiguously  show:  (1)  that  collisionless  intramolecular  transfer  of  energy  to 
Raman  active  modes  takes  place  within  the  20  ns  time  resolution,  and  (2)  that  for  highly 
excited  molecules  below  the  dissociation  threshold  the  final  distribution  of  energy — after 
excitation,  before  collisional  relaxation — is  not  necessarily  in  equilibrium.  For  CF2CI2  in 
particular  it  was  found  that  the  pumped  mode  contains  an  excess  of  energy  up  to  at  least 
10,000  cm-1  of  excitation  energy.  This  implies  a  certain  degree  of  ‘localization’  of  excitation 
energy  in  the  pump  mode  up  to  fairly  high  levels  of  excitation.  Although  this  is  at  variance 
with  observations  made  in  the  Soviet  Union,  that  claim  complete  equilibration  at  about 
7,000  cm-1,  it  agrees  with  recent  theoretical  studies  of  the  intramolecular  dynamics  of  model 
systems,  that  show  that  for  some  molecules  equilibration  occurs  only  for  energies  very  close 
to  the  dissociation  limit.25  To  the  best  of  our  knowledge  this  is  the  first  direct  experimental 
evidence  that  region  n  may  indeed  extend  quite  close  to  the  dissociation  threshold. 
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Introduction 

Since  the  discovery  of  infrared  multiphoton  excitation  in  1973, 1  there  has  been  much  interest  in 
the  dynamics  of  highly  vibrational  excited  and  dissociating  molecules.  Selectivity  at  high  levels  of 
excitation  may  eventually  lead  to  the  realization  of  laser-controlled  photochemistry.  In  1980  time- 
resolved  Raman  spectroscopy  was  used  to  obtain  mode-specific  information  of  infrared  multiphoton 
excited  molecules.2  During  the  past  five  years  we  have  employed  this  technique  to  study  the 
intramolecular  vibrational  energy  distribution  of  several  collisionless  infrared  multiphoton  excited 
molecules.3-4  In  this  paper  new  results  on  highly  excited  CF2CI2  molecules  are  reported.  In  contrast  to 
the  well  establisned  equilibrium  intramolecular  vibrational  energy  distribution  in  molecules  excited 
above  dissociation  threshold,5'6  we  found  that  excitation  of  the  v\  and  vs  mode  of  CF2CI2  below  the 
dissociation  threshold  give  rise  to  different,  highly  non-equilibrium  vibrational  energy  distributions. 


Results 

A  complete  description  of  the  experimental  setup  can  be  found  in  previous  papers.3-4  The 
Raman  signals  from  the  Vj,  V2,  and  vs  mode  (Vj  =  1098,  v2  =  667,  and  vs  =  923  cm-1)  of  CF2CI2 
were  measured  after  multiphoton  excitation  of  either  the  vi  or  the  vs  mode,  which  are  both  Raman  and 
infrared  active,  and  are  resonant  with  CO2  laser  lines. 

It  can  be  shown  that  the  average  number  of  vibrational  quanta  in  the  Raman  mode,  (n),  is 
proportional  to  the  spectrally  integrated  anti-Stokes  Raman  signal,  7aS» 

7norm  =  (1) 
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Fig.  1 .  Infrared  fluence  dependence  of  the  normalized  Fig.  2.  Infrared  fluence  dependence  of  the  normalized 
anti-Stokes  signals  after  Vi  excitation.  anti-Stokes  signals  after  vs  excitation. 

with  1^  the  room  temperature  Stokes  signal.3  The  total  vibrational  energy  of  the  Raman  mode  is  then 

£r  =  /iVr  /norm.  (2) 

with  h  Plank’s  constant,  and  Vr  the  Raman  shift. 

Figs.  1  and  2  show  the  normalized  Raman  signals,  defined  in  Eq.  (1),  as  a  function  of  infrared 
fluence,  after  excitation  of  the  vj  and  vg  mode,  respectively.  The  energy  of  all  the  probed  Raman 
modes  increases  exponentially  with  increasing  fluence. 

For  both  excitation  of  the  Vi  and  Vs  mode,  the  vibrational  energy  distribution  is  distinctly 
different  from  an  equilibrium,  Boltzmann  distribution, 

/norm=  {ehv!kT  -l)"1,  (3) 

In  both  cases  too,  the  pumped  mode  reaches  the  highest  excitation,  while  the  energy  of  V2  mode  is 
almost  an  order  of  magnitude  smaller.  The  nonequilibrium  nature  of  the  vibrational  energy  distribution 
is  visible  more  clearly  in  Figs.  3  and  4,  which  compare  the  measured  energy  distributions  with 
calculated  equilibrium  distributions. 

Note  also,  that  although  the  intensities  of  the  anti-Stokes  signals  increase  by  more  than  a  factor 
ten  when  the  infrared  fluence  is  increased,  the  intensity  ratios  do  not  change  considerably.  This  rules 
out  the  possibility  that  the  observed  nonequilibrium  distribution  is  a  result  of  averaging  a  ‘hot’  equilib¬ 
rium  ensemble  and  a  ‘cold’  bottlenecked  ensemble.  If  this  were  so,  the  ratios  would  tend  toward  equi¬ 
librium  as  the  fraction  of  molecules  in  the  hot  ensemble  becomes  larger  when  the  fluence  is  increased. 
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Fig.  3.  Comparison  of  the  observed  normalized  anti- 
Stokes  signals  with  calculated  equilibrium  values  after 
after  Vi  excitation. 


Fig.  4.  Comparison  of  the  observed  normalized  anti- 
Stokes  signals  with  calculated  equilibrium  values  after 
Vg  excitation.  The  lower  data  points  show  the  effect  of 
collisional  relaxation  N2  buffer  gas  pressure:  13  kPa 
(circles),  and  26  kPa  (triangles). 
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From  Eq.  (2)  one  obtains  that  the  total  energy  content  of  the  three  modes  for  CF2CI2  at  the  highest 
fluence  is  21,000  cm-1,  so  that  for  the  molecule  as  a  whole  ^internal  >  21,000  cm-1.  The  observed 
nonequilibrium  distributions  therefore  imply  that  complete  equilibration  only  occurs  above  this  level  of 
excitation. 

Collisions  relax  the  nonequilibrium  intramolecular  vibrational  energy  distribution  of  the  excited 
molecules,  and  the  normalized  anti-Stokes  signals  should  therefore  approach  their  thermal  equilibrium 
values  as  collisions  occur.  Fig.  4  shows  the  effect  of  collisional  relaxation  of  the  non-equilibrium 
vibrational  energy  distribution,  induced  by  adding  N2  buffer  gas.  Because  of  the  collisional  relaxation, 
the  observed  signals  decrease  quickly  with  increasing  buffer  gas  pressure,  but  at  the  same  time  the 
differences  in  signal  intensity  become  smaller.  Within  the  experimental  accuracy,  equilibrium  is 
reached  between  the  Vi  and  vs  modes  at  a  13kPa  buffer  gas  pressure.  At  26kPa,  equilibrium  is  also 
established  between  the  Vi  and  v*2  modes.  Because  of  the  small  Raman  cross  section  of  the  v&  mode, 
data  are  not  available  for  this  mode  at  26kPa.  At  this  buffer  gas  pressure  the  anti-Stokes  signal  of  the 
v&  mode  drops  below  the  noise  level.  A  comparison  with  the  calculated  equilibrium  distributions  on  the 
other  side  of  the  graph  shows  indeed,  that,  as  the  buffer  gas  pressure  is  increased,  the  intramolecular 
vibrational  energy  distribution  tends  towards  equilibrium. 
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Conclusion 


We  have  employed  time-resolved  spontaneous  Raman  scattering  to  measure  the  intramolecular 
vibrational  energy  distribution  of  infrared  multiphoton  excited  CF2CI2.  The  results  show  a  distinct 
nonequilibrium  energy  distribution  among  the  observed  Raman  active  modes  even  at  excitations  as 
high  as  21,000  cm-1.  The  nonequilibrium  vibrational  energy  distribution  tends  toward  equilibrium  as 
an  increasing  amount  of  buffer  gas  is  added.  The  measurements  also  show  that  excitation  of  the  Vj  and 
the  vft  mode  give  rise  to  different  energy  distributions. 
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